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PREFACE TO THE THIRD EDITION 


In the present revised edition several changes have been 
made. While much of classical physical chemistry remains 
unchanged, in several fields considerable simplification and 
clarification has occurred. The chapters on velocity of 
chemical reaction and catalysis have been largely rewritten, 
combined, and transferred to almost the end of the book. 
Tliis is more in accordance with the logical ijroccdure in 
physical chemistrj'. Similarly the chapter on pliotocheinistry 
has disappeared and the newer matter incorporated in tlie 
chapter dealing witli chemical change. The chapters on the 
colloidal state and adsorption have also been revised with 
the inclusion of a small amount of liigh polymer physical 
chemistry as an indication of the more precise development 
of colloid chemistry. 

It has been my desire to maintain the cliaracter of the 
book as an Introduction to Physical Chemistry, making no 
demands on the reader of advanced mathematical know ledge. 
Any discussion of the quantum mechanical theory of valence 
has therefore been omitted ; and, in the introductory cliapter 
no attempt has been made to deal with modein advances in 
nuclear physics since these have no important impact on 
elementary physical chemistry. 

H. W. MELVILLE. 

1352 . 


PREFACE TO THE FIRST EDITION 

hLbetnwX'l* to Physical Chemulry, whiof 

k! Y the request of former colleagues^ the aiir 

r r sk‘‘ 

to meet the needs of more especially, 

to buUd his later snecialiL^^f^^*^ chemistry who desires 
^ later speciahsed study on a broad foundation. 
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PREFACE 


Owing to the rapid advances made in recent years by 
physical science the difficulty of selecting the subjects for 
treatment in an introductory course of physical chemistry 
is very great, and in making the selection one must be guided 
by one’s experience as a teacher. In general, the historical 
method of treatment, a method which seems to be the 
soundest one educationally and one w’hich is particularly 
needed at the present time, has been adopted. An 
acquaintance with the historical development of a subject 
is necessary for a true understanding and appreciation of 
its present state, and has a cultural value which should 
constantly be emphasised. 

Physical chemistry is e.ssentiaUy an exact and 
quantitative branch of science, and requires for its proper 
undei*standing and for its advancement a sound knowledge 
of mathematics, covering at least the elements of the 
differential and integral calculus. INIoreover, in order to 
secure a proper understanding of and familiarity with the 
subject, it is necessary that the student should practise 
himself in the solving of numerical problems. Examples of 
such problems are worked out in the body of the text, and 
a number of problems for solution by the student are collected 
together in an appendix. In such a work as the present, 
the number of such problems must, of course, be somewhat 
restricted ; but several special works dealing with calculations 
in phy.sical chemistry are now available, and should be made 
use of by every serious student of the subject. The numerous 
references to the original literature which are given in the 
text will also furnish the teacher with the sources from 
which other problems can be obtained. 

I would express my thanks to my colleagues, Dr J. E. 
Humphries and Dr A. R. Martin, for their valuable assistance 
in preparing this work and in reading the proof sheets. 

ALEX. FINDLAY. 


Augiist 1933. 
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CHAPTER 1 

2'HE CONSTITUTION OF MATTER 


Atomic and Molecular Theory. — Although Robert Boyle 
had, in the seventeenth century, raised chemistry to the 
rank of a science, it was not till towards the end of the 
eighteenth century that chemistry became an exact science. 
During the course of the latter century many new substances, 
especially gases, had been discovered, but the facts of 
chemistry remained, to a large extent, isolated data of 
experience, unconnected by quantitative laws and un- 
mterpreted by any exact theory capable of quantitative 
expression. With the recognition, however, by the brilliant 
Urench chemist, Antoine Laurent Lavoisier (1743-94) of 
the supreme importance of the balance as an Essential 
aicT in the study of chemical reactions, and with his 
enunciation and veriBcation in 1785 of the law of con- 
servation of mass, a new epoch in chemistry — the quantitative 
epoch— ww maugurated. At the beginning of the nineteenth 
wntur^ therefore, the time was ripe for the enunciation by 
John Dalton (1766-1844), a Manchester schoolmaster, of 

Jaws of chemical 

combmation (law of constant composition, law of multiple 
c^orS^. quantitatively explained and 

general hypothesis of the atomic or discontinuous 
coMtitution of matter had been put forward by the Epicurean 
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2 INTRODUCTION TO PHYSICAL CHEmSTRY 

It was the introduction of this quantitative factor into the 
hj-pothesis of the atomic constitution of matter which made 
it possible for the atomic theory to become the basis of 
physical science during the nineteenth century. Of one 
important chemical property, how'ever, the property of 
valence, the atomic theory gave no explanation. 

Although it is possible, on the basis of the experimental 
investigations of the present century, to calculate the 
absolute masses of atoms, it is not with these absolute masses 
but with the relative masses of the atoms, the so-called 
atomic weights, that chemistry is mainly concerned ; and in 
view of the importance of a l^owledge of atomic weights for 
the application of the atomic theory, the Swedish chemist, 
Jbns Jakob Berzelius U’^79-1848), Professor of Chemistry 
at the Medico-chirurgical Institute, Stockhohn, devoted 
liimself with great energy and ability to their determina- 
tion. 

For the determination of the atomic weights of elements 
it is necessarj*. in the first place, to determine, as accurately 
as possible, the chemical equivalents, or proportions by 
weight in which the elements can combine with a definite 
weight of some standard element ; for example, with eight 
parts by weight of oxygen. But this is only the first step. 
If it could be assumed that all compounds are formed by 
the combination of only one atom of each element, then 
the value of the equivalent would also be the value of the 
atomic weight referred to the atomic weight of oxygen 
equal to eight. This assumption, however, cannot be made. 
Elements, it was soon discovered, combine in more than one 
proportion ; and although it w'as clear that the atomic 
weight must be equal to the equivalent or to some multiple 
of the equivalent, it was not possible, without further 
information, to decide what multiple of the equivalent was 
to be taken as the atomic weight. In the case of solid 
elements some guidance was given by the law of Dulong and 
Petit, enunciated in 1819, and by the law of isomorphism, 
enunciated by Mitscherlich in 1820, but it was not until 
1858-60 that chemists, led by Stanislao Cannizzaro (1826- 
1910), at that time Professor of Chemistry in the University 
of Genoa, realised that the molecular h 3 rpothesis of Avogadro 
and the determinations of molecular weights which were 
founded on it, furnished a sure means of deciding between 
conflicting values of the atomic weight. 
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When Dalton put forward his atomic theory he made no 
distinction between the smallest particle of an element and 
the smallest particle of a compound ; and this led to 
difficulties when the need arose of reconciling the laws of 
combination by weight with the Gay-Lussac law of com- 
bination of gases by volume. This reconciliation, however, 
was effected by the Italian physicist, Amedeo Avogadro ‘ 
(1776-1856), who, in 1811, put forward the postulate that 
equal volumes of all gases, when under the same conditions 
of temperature and pressure, contain the same number of 
2 gjg^ggj 4 i 4 £-rthe term molecule being used to signify the smallest 
particle of a substance, elementary or compound, which, 
under the given conditions, is capable of existing in the free 
state.. By assuming that- the molecule of hydrogen, of 
oxygen, of chlorine, etc., is made up of two atoms, Gay- 
Lussac’s law of combination by volume could be reconciled 
with the law of combination by weight. 

But the postulate of Avogadro points the way also to a 
method of determining the relative molecular weights of 
gaseous substances, or of substances which can be obtained 
in a state of gas or vapour ; for it follows from the postulate 
that the molecular weight must be proportional to the gas 
density. Relative molecular weights, therefore, can be 
determined by determining the densities of the g^eous 
compounds, and a knowledge of molecular weights gives a 
basis for the determination of atomic weights. 

A list of known elements, with their atomic weights, is 
given in the table on page 4. 

The Periodic Law. — ^An examination of the values of 
the atomic weights led, even at an early date, to the 
discovery of certain regularities which found expression in 
Dobereiner’s law of triada (1829), Newlands’ law of octaves 
(1864), and, more especially, in the periodic law discovered 
in 1868 by Lothar Meyer (1830-96) in Germany, and 
in 1869 by Dmitri Ivanowitsch Mendel^efi (1834-1907), 
Professor of Chemistry in the University of St Peters- 
burg (Leningrad). On arranging the elements in order of 
mcreasing atomic weight, it was observed that there is a 
penodio recurrence of properties, and this observation was 
embodied in the law : The properties of the elements are a 
pertodtc function of the atomic weight. This was demonstrated 
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LIST OF THE ELEMENTS (1951) 


Atomic 

Number. 

1 

KIcmcnt. 

Sj’mbol. 

Atomic 

M’oiglit. 

Atcmic 

Number. 

Element. 

Symbol. 

Atomic 

Weight. 

1 

Hj'drogen 

H 

1008 

50 

Tin 


Sn 

118*70 

•2 

Helium 

He 

4 003 

51 

Antimony 


Sb 

121*76 

3 

LitLiurn 

Li 

6-940 

52 

Tellurium 

• 

Te 

127-61 

■i 

Beryllium . 

Be 

9-013 

53 

Iodine . 

• 

I 

126*91 

5 

Boron 

B 

10-82 

54 

Xenon . 

• 

Xe 

131*3 

f) 

Carbon 

C 

12-010 

55 

Caesium . 


Cs 

132-91 

7 

Nitrogen 

N 

14-008 

56 

Barium • 

♦ 

Ba 

137-36 

8 

Oxygen 

0 

16-000 

57 

Lanthanum 


La 

138-92 

0 

Fluorine 

F 

19-00 

58 

Cerium . 

4 

Ce 

140-13 

10 

Neon . 

No 

20-183 

59 

Praseodymium 

Pr 

140-92 

1 1 

Sodium 

Na 

22-997 

60 

Neodymium 


Nd 

144-27 

12 

Magnesium « 

Mg 

24-32 

61 

Promethium 

4 

Pm 

145 

13 

Aluminium . 

A1 

26-98 

62 

Samarium 


Sm 

150-43 

14 

Silicon 

Si 

28-09 

63 

Europium 


Eu 

152-0 

15 

Phosphorus 

P 

30-98 

64 

Gadolinium 


1 Gd 

156-9 

16 

Sulphur 

S 

32-066 

65 

Terbium 


1 Tb 

159-2 

17 

Chlorine 

Cl . 

35-457 

66 

Dysprosium 

♦ 

Dy 

162-46 

18 

Argon 

A 

39-944 

67 

Holmium 


Ho 

104-94 

19 

Potassium • 

K 

39-100 

68 

Erbium . 

• 

Er 

167-2 

20 

Calcium 

Ca 

40-08 

69 

Thulium 

♦ 

Tm 

IG9-4 

21 

Scandium 

Sc 

44-96 

70 

Ytterbium 


Yb 

173*04 

22 

Titanium 

Ti 

47-90 

71 

Lutetium 


Lu 

174-99 

23 

Vanadium . 

V 

50-95 

72 

Hafnium 


Hf 

178-6 

24 

Chromium . 

Cr 

52-01 

73 

Tantalum 

• 

Ta 

180*88 

25 

Manganese . 


54-93 

74 

Tungsten 

• 

W , 

183*92 

26 

Iron . 


55-85 

75 

Rhenium 


Re 

186*31 

27 

Cobalt . 

Co 

58-94 

76 

Osmium 

♦ 

Os 

190*2 

28 

Nickel 

Ni 

68-69 

77 

Iridium . 

• 

Ir 

193*1 

29 

Copper 

Cu 

63-54 

78 

Platinum 


Pt 

195*23 

30 

Zinc . 

Zn 

65-38 

79 

Gold 

• 

Au 

197-2 

31 

Gallium 

Ga 

69-72 

80 

Mercury 

• 

Hg 

200-61 

32 

Germanium 

Ge 

72-60 

81 

Thallium 

4 

Tl 

204-39 

33 

Arsenic 

As 

74-91 

82 

Lead 


Pb 

207-21 

34 

Selenium 

Se 

78-96 

83 

Bismuth 


Bi 

209-00 

35 

Bromine 

Br 

79-916 

84 

Polonium 

♦ 

Po 

210 

36 

Krypton 

Kr 

83-80 

85 

Astatine 

• 

At 

210 

37 

Rubidium . 

Rb 

85-48 

86 

Radon • 

♦ 

Rn 

222 

38 

Strontium . 

Sr 

87-63 

87 

Francium 

• 

Fr 

223 ' 

39 

Yttrium 

Yt 

88-92 

88 

Radium . 

• 

Ra 

226*05 

40 

Zirconium . 

Zr 

91-22 

89 

Actinium 


Ac 

227 

41 

Niobium 

Nb 

92-91 

90 

Thorium 

♦ 

Th 

232*12 

42 

Molybdenum 

Mo 

95-95 

91 

Protactinium 


Pa 

231 

43 

Technetium 

Tc 

99 

92 

Uranium 


U 

238*07 

44 

Ruthenium . 

Ru 

101-7 

93 

Neptunium 

♦ 

Np 

237 

45 

Rhodium 

Rh 

102-91 

94 

Plutonium 


Pu 

242 

46 

Palladium . 

Pd 

106-7 

95 

Americium 

♦ 

Am 

243 

47 

Silver 

Ag 

107-880 

96 

Curium . 


Cm 

243 

48 

Cadmium 

Cd 

112-41 

97 

Berkelium 


Bk 

245 

49 

Indium 

In 

114-76 

08 

Californium 

9 

a 

2^6 
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with respect to physical properties (c.j/., atomic volume) by 
Lothar Meyer, and with respect to chemical properties bj' 
Mendeleeff. 

Although the familiar Mendeleeff classification of the 
elements, according to ascending atomic weights, proved to 
be of much value both as a means of correcting doubtful 
atomic weights and as a guide in the discovery of new’ 
elements, it exhibited certain defects which indicated that 
the periodic law, as stated by Mendeleeff, was only an 
approximate law. Thus, in order that the proper periodicity 
of properties might be secured, the strict order of arrange- 
ment according to ascending atomic weights had, in some 
cases, to be altered. In order, for example, that iodine 
should come into the group of the halogen elements, it was 
necessary to place it after the element tellurium, although 
the atomic weight of iodine is less than that of tellurium. 
Similarly, cobalt, with higher atomic weight, had to be 
placed before nickel, and argon at a later time had to be 
placed before potassium, an element of lower atomic weight. 
I'or a larp number of closely related elements, the so-called 
rare earth elements, no satisfactory position could be found 
m the Mendeleeff classification. In spite, however, of the 

tbA e:^ted, and which have now been explained, 

the re^lanties which were observed clearly pointed to a 

“/®^‘^"P®ction between the elements &nd aroused 
mvestigatmns relating to the nature of the 
atom and the problem of the constitution of matter 

hv ^El®ctrons.--In 1859 it was discovered 

^^®^^°dkcharge U aJowed^o^tke pllceln^a higWy 

foous by mean, of a Ion ^ “ 

at the focuB can be rS ’ “S'* “ 

melted. When the ^ “icandescence or even 

in their motion by aUo^/L'Tt 

uy allowing them to impmge on a plate of 



G IXTRODUCTION TO PHYSICAL CHEIVUSTRY 


dense metal, electro-magnetic disturbances, of the same 
nature as ordinary light but of extremelj' short wave-length, 
are produced. These so-called X-rays are very penetrating, 
and have the property of ionising a gas through which they 
are passed. 

In 1879 it was surmised by Sir William Crookes (1832- 
1919) that the cathode rays are composed of small particles 
or corpuscles, and the correctness of this surmise was proved 
in 1897 by Sir J. J. Thomson (1856-1940), at that time 
Cavendisli Professor of Physics in the University of Cam- 
bridge. That the cathode rays are the carriers of negative 
electricity was already known from the fact that they are 
deflected in a particular manner by a magnet ; and by 
determining the amount by which a narrow beam of cathode 
rays was bent under the action of a magnetic field of strength 
H, the ratio mv'e could be calculated from the relation 
Hev = mv^lr. In this expression, e is the electric charge on 
the particle of mass m and velocity v, and r is the radius of 
cur\*ature of the beam. Further, the rectilineal path of the 
raj's could be restored by means of an electrostatic field 
placed at right angles to the magnetic field, the field required 
being given by the expression Xe = Hev, where X is the 
strength of the electrostatic field. From this expression 
the value of v was calculated and its average value found 
to be 2-8 X 10® cm. per sec. When v is knowm, the ratio «/?« 
can be calculated from the value of mv/e. Except when the 
velocity of the cathode rays approached that of light, ^ 
the ratio ejtn was found to have a constant value of about 
1*79x10’ electromagnetic units per gram, irrespective of 
the nature of the cathode and of the residual gas contained 
in the tube. A more recently determined value ^ is 
1*759 X 10’ e.m.u./g. 

The value of e, the unit electric charge, was determined 
by the American physicist Robert A. IMillikan, Professor of 
Pliysics at the California Institute of Technology, Pasadena, 
by studying the rate of motion of a minute cfroplet of oil 
suspended in air between two horizontal plates which could 
be electrically charged.® The oil droplet is, normally, 
positively charged, and moves with a certain velocity, against 

1 The ** mass *’ of ao electron^ it should be Dotod» increases with increase in 
the velocity of motion. 

* R. T, BirgOp Phys, Rev., 1040, (ii), 68, 658, 

• Phys. Rev., 1913, 2, 143. 
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gravity, towards the upper, negatively charged plate. When 
the air is ionised by the passage through it of X-rays, the 
oil drop can take up one or more of the negatively charged 
particles so produced. Its positive charge is thereby reduced 
and the velocity of motion towards the negatively charged 
metal plate is retarded. The change in the velocity of motion, 
however, was found to be not continuous but abrupt, 
indicating that the oil drop had captured an ion carrying a 
certain definite amount of negative electricity ; and as each 
successive ion was captured the change of velocity of motion 
of the oil droplet was the same. That is to say, the charge 
on the droplet varies discontinuously by a definite unit 
amount, or by some multiple of this unit. From the 
magnitude of the charge on the metal plate and from the 
velocity of motion and mass of the droplet, it was possible 
to calculate the value of the unit charge, e. This was 
found to be 4*80 x 10“*® electrostatic units, the same 
value as the charge carried by a hydrogen ion in solution. 
Prom th^e experiments it is clear that electricity also must 
be atomic, and exists only as unit charges or as multiples 
of these. ^ 


Sm^, in the electrolysis of an aqueous solution, 96,500 
coulombs (I faraday) * of electricity liberate 1*008 g. of hydro- 
gen, one electromagnetic unit® would liberate 1*044 x lO-^ g. 

Therefore the ratio i=__L_ =o-9577 x 10* e.m.u./g. 


In the case of cathode rays, we have seen, 1*769x10’ 

’ ® “ both “Ses, 

cathode particle must be 
o“s7?xlo“ hydrogen atom in the ratio 

1*769 X 10’ ”1840' 

One sees, then, that through the study of the disoharee 
of electncity through gases the existence was revealed of 
^g^ively charged particles, or electrons as low 

Si^'theTlt^ hydrogen 

The ^ “^tter then knofn 

“‘® 

9e.4M ‘te round dumber ia pbmo ol the more exact value 

> Oae deetromegueti. milt. 10 eoulombe-S-gBS x 10» electroetatio udim. 
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Investigation lias shown that electrons can be produced 
in various ways ; by the electric discharge as cathode rays, 
by the action of ultra-violet light on metals, and by the 
raising of metals to incandescence, as in the so-called 
thermionic emission used in wireless valves. In all cases 
the electrons are the same, and therefore the electron must 
be a constituent of many different substances. From this 
consideration there arose the conception of the electronic 
constitution of matter or of the atom. 

In the phenomena of radioactivity, further, a very striking 
indication of the complex nature of the atom is given. 
According to the disintegration theory of radioactivity, the 
atom of a radioactive element is a complex system of particles 
which undergoes spontaneous change or disintegration with 
the emission of alpha (a), beta {^), and gamma (y) rays. 

The alpha rays are positively charged particles, which 
were shown by Sir William Ramsay (1852-1916), Professor 
of Chemistry in University College, London, and by Sir 
Ernest Rutherford (Lord Rutherford), to be positively 
charged helium atoms or helium nuclei. They have very 
slight penetrating power but, on account of their mass, 
have a relatively large amount of energy. The beta rays 
consist of negatively charged electrons which move with a 
velocity approaching that of light and have considerable 
penetrating power. The gamma rays are electromagnetic 
vibrations of very short wave-length, and are of the same 
nature as X-rays and ordinary light. They have very great 
penetrating power. 

Atomic Structure. — Since negatively charged electrons 
constitute, as has been pointed out, a part of the atom of 
different substances, and since the atom, as a whole, is 
electrically neutral, it follows that there must be an amount 
of positive electricity within the atom equal to the total 
negative charge carried by the electrons. From the fact 
that an alpha particle, emitted by a radioactive substance, 
may pass in a straight line through the atoms of a gas and 
only occasionally suffer a sharp deflection, ^ Rutherford put 
forward the view' that the positive electricity is concentrated 
on a very minute nucleus in which, also, practically the 

‘ As shown by the fog-track experiments of C. T. R. Wilson {Phil. Trana., 
1897» A, 189» 205). Rutherford's hypothesis was also based on the deflection 
of alpha particles on passing through thin metal foil {Phil. 1906, 11, 166). 

See also H. Geiger, Proc. Roy. Soc., 1908, A. 81, 174 ; 1910, A, 83, 492 ; Geiger 
and Marsden, ibid.p 1909, A, 82, 495. 
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whole ma^ss of the atom is supposed to reside, the mass 
of the electrons being, in comparison, negligibly small. 
Around this minute positively charged nucleus the negative 
electrons are arranged in various so-caUed orbitals. 

And what is the nature of the positively charged nucleus ? 
The atoms of the radioactive elements, on disintegrating, 
emit, in some cases, alpha particles or positively charged 
helium nuclei, and in other cases beta rays or negatively 
charged electrons. In the case of the heavy atoms of the 
radioactive elements, therefore, the positively charged 
nucleus of the helium atom would seem to be one of the 
\mits of atomic nuclear structure ; but since the mass of 
the helium atom, or nucleus, is nearly four times that 
of the hydrogen atom, the helium nucleus must itself 
be regarded as complex. The conclusion, therefore, is 
reached that the positively charged nucleus of the hydro- 
gen atom, the lightest atom, is itself the structural unit 
of positive charge. To this unit the name ’proton has been 
given. 


For many years no positively charged particle of mass 
less than that of the proton was known, but in 1932, C. D. 
Anderaon,* of the California Institute of Technology, while 
studying the bombardment of a gas by cosmic rays; dis- 
covered the production of positively charged particles with 
a mass equal to that of the negatively charged electrons 
Ihese positively charged particles, caUed positrons, were 

substanc^ emitted by artificially produced radioactive 


While the nucleus of the hydrogen atom can be regarded 
as formed by a single proton, the nuclei of the other elements 
must be more c^plex structures and consist of both protons 

heUum the nucleus must 
contem four protons, because the mass of the hehum atom 

IS about four tunes the mass of the hydrogen atom. From 

the conoludon 

nositiv« helium nucleus carries only two 

positive charges, and, consequently, the four nrotons of the 

the excess positive charge may be only two units. 

“-I eleotrons 

m the nucleus, but it was discovered in 1932 by 
W33? A 1^^699^'’ ^ G- P- S. Ooohialim. 

lA 
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(Sir) James CliadwickJ working in tlie Cavendish Laboratory, 
Cambridge, tliat when berj’llium or boron is bombarded by 
alplia j)articles, stable uncharged particles of great pene- 
trating power are emitted. The emission of these neutrons, 
as they are called, has led to the view that atomic nuclei 
consist of neutrons and protons, probably with helium nuclei 
as secondary units. These lielium nuclei are themselves 
regarded as consisting of a very stable combination of two 
protons and two neutrons. 

In the production of the atomic nuclei of the heavy 
elements there is a great loss of mass, and therefore a 
liberation of a very large amount of energy, with the 
result t hat a very stable nucleus of protons and neutrons is 
formed. At the same time helium nuclei, more loosely held, 
may also be jnesent, as they probably are in the case of the 
radioactive elements, since helium nuclei are expelled from 
the latter as a-rays. The single protons, however, are too 
firmly held, and do not appear among the products of 
radioactive disintegration. 

In general, then, an atom is to be regarded as consisting 
of a positively charged complex nucleus, made up of protons 
and neutrons, round which revolve planetary electrons equal 
in number to the excess positive charge on the nucleus. 

The picture which is thus obtained of the atom is that of 
a very open-spaced system of particles, the diameters of 
which are very small compared with that of the system as a 
whole, or of the atomic domain as it is called. The diameter 
of an electron, it has been calculated, is only about one 
forty-thousandth of the diameter of the atom, and the 
diameter of the proton is still less, being about one eighteen- 
hundred and fortieth (tsto) of the diameter of an electron. 
The structure of an atom of hydrogen, therefore, has been 
compared with that of the solar system, and it has been 
pointed out that since the diameter of the earth is one 
twenty-thousandth of the diameter of its orbit round the 
sun, one can think of a hydrogen atom as a system in which 
the earth represents an electron circling round a nucleus 
(much smaller than itself) at a distance equal to twice the 
distance of the earth from the sun. The atom, therefore, is 
mainly void, a thing of specks and spaces, and one can 
understand how an alpha particle can pursue a straight 
path through the atoms of matter and be only occasionally 
‘ Proc. Roy. Soc.. 1932, A. 136, 692 ; 1933, A, 142, 1. 
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diverted from its course by a near approach to or collision 
with the massive, positively charged nucleus. Moreover, 
from a study of the scattering of a-rays in their passage 
through different substances, c.y., gold, silver, and copper, 
Rutherford was able to calculate the charge on the 
nucleus of the different atoms. In all cases this charge was 
found to be approximately equal to about half the atomic 
weight of the element.^ 

Atomic Number. — ^The relation which was shown by 
Rutherford to exist between the number of unit charges 
on the nucleus and the atomic weight of an element 
was in harmony with the conclusion arrived at by C. G. 
Barkla from a study of the scattering of X-rays, namely, 
that the number of extranuclear electrons is about half the 
atomic weight.* The number of these electrons must, of 
course, be equal to the number of unit positive charges on 
the nucleus. 


One of the most important advances in connection with 
the problem of atomic structure was the identification of the 
number of excess positive charges on the atomic nucleus 
with the serial number, or atomic number as it is now called, 
of the element in the periodic classification.® By deter- 
niimng the serial number, therefore, a knowledge could 
be obtained of the number of extranuclear electrons in the 
atom, or of the excess positive charge on the nucleus Such 
a determmation was first made by Henry Gwyn Jeffreys 
Moseley (1887-1916), working in the physics laboratory of 
tho University of Manchester.^ 

It has already been pointed out that when cathode rays 
are allowed to impinge on a target X-rays are generated ; 
and It was found by Moseley, in 1913, that when these X-rays 
are analysed by means of a crystal, which acts as a diffraction 
grating (Chap. VI.), each substance used as a target emits 
not only a general radiation, but also X-rays of definite 

characteristic of the material of the target 

substance gives a definite X-ray spectrum • 
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As is seen from Fig. 1, which reproduces the K series of 
lines in the spectra of the elements from calcium to copper, 
omitting scandium, there are two well-marked lines, a 
stronger (a) and a weaker (^). There is, moreover, an 
obvious regularity in the shift of the corresponding lines as 



Fio. ]. 

(FrotD PhUoMopkical Magazine, by permission.) 


one passes from element to element, and Moseley found this 
shift to be in accordance with the equation, 

V^^- = VT[X = a{Z~b), 

where v is the wave number ^ and A is the wave-length of 
the particular lines in centimetres ; a and b are constants, 
and Z is an integer which is characteristic of the element 
and was called by Moseley the atomic number. It is clear, 
therefore, from this relationship, that if the square root of 
the wave number is plotted against the values of Z, a straight 
line will be obtained. In other w'ords, the square root of 
the W’ave number of the corresponding line in the X-ray 
spectra of the elements increases by equal amounts as one 
passes from element to element. As IMoseley wrote: “ There 

^ Tbo wave Dumber is the reciprocal of the wave-Iongtb measured in centi- 
metres. 
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is in the atom a fundamental quantity which increases by 
regular steps as we pass from one atom to the next. This 
quantity can only be the charge on the central positive 
nucleus.” 

The investigation of the X-ray spectra of the elements, 
then, has shown that to each element there may be given a 
whole number w'hich represents its serial number in the list 
of elements, starting from hydrogen which has the atomic 
number 1, up to californium which has the atomic number 98 ; 
and the important conclusion can be drawn that as one 
passes from element to element, ascending the series, there is, 
at each step, an addition of one unit of positive electricity 
to the nucleus, and a corresponding increase in the number 
of extranuclear electrons. 

When one arranges the elements in order of their atomic 
numbers (Fig. 2),^ it is found that the anomalies of the 
MendeleeflF classification according to atomic weights (p. 5) 
disappear. That is, argon and potassium, tellurium and 
iodine, cobalt and nickel, follow regularly in the order of their 
atomic numbers as given by their X-ray spectra and as re- 
quired by their chemical properties. Since it is now recognised 
that the chemical and most of the physical properties of an 
element depend on the number and arrangement of the 
extranuclear electrons, rather than on the atomic weight, 
the x>eriodic law may bo restated in the form : The properties 
of the elements are a periodic function of the atomic number. 
The recognition of the fact that the atomic number is more 
definite and fundamental than the atomic weight as an 
index of the properties of an element, constitutes one of the 
most important advances in chemical theory in modem times. 

The existence, moreover, of a series of integral atomic 
numbers not only shows that the elements are limited in 
number but also throws light on the number of elements 
still to be discovered. This fact is of especial importance 
m the case of the elements of the rare earth group, which 
occupied an ill-defined position in the periodic table of 
Mendel6eff and offered no internal evidence regarding the 
possible number of elements belonging to the group. By 
me&na of thek X-ray spectra the identity of the rare earth 
metals, so difficult to separate and distinguish by chemical 
methods, can readily be confirmed. 

1923 /-^^^®“' - P. 190. 283 N. Bohr, Ann. Physik, 
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In the arrangement of the elements in ascendingjorder 
of atomic numbers (Fig. 2), it is seen that the elements fall 
into a number of series or periods,” the fuller significance 
of wliich will appear later. After the first two elements, 
hydrogen and helium, which stand at the head of the two 
groups of related elements (the alkali metals and the inert 
gases) forming the end members of the succeeding periods, 



2. He 


87. Fr 

88. Ra 

89. Ac 

90. Th 

91. Pa 

92. U 

93. Np 

94. Pg 

95. Am 

96. Cm 

97. Bk 

98. Cf 


86. Rn 


Fio. 2. — Periodic Classification of the Elements. 


there come two short periods of eight elements each. There- 
after, two periods of eighteen elements each, one period of 
thirty-two elements, and, lastly, a fragmentary period of 
twelve elements. Owing to the i)eriodicity of properties, 
elements of similar or analogoiis character fall into corre- 
sponding places in the various periods, and in Fig. 2 the 
members of these natural families ” or groups of related 
elements are joined together by full-drawn lines. The 
dotted lines join elements which are related to each other 
in certain respects, although not so closely as the members 
of the “ natural families ” just mentioned. 
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Hydrogen, it may be noted, is unique in that it may 
show a certain analogy both to the alkaU metals and to the 
halogens. Thus, by the loss of an electron, hydrogen forms a 
positively charged ion (proton), just as sodium, for example, 
by the loss of an electron, forms positively charged sodium 
ion. Hydrogen, therefore, like sodium, has a positive 
electrovalency of 1. Moreover, hydrogen may, in certain 
circumstances, add on an electron and so form a negative 
ion, as in lithium hydride, just as chlorine, by accepting an 
electron, forms chloride ion. Hydrogen, therefore, may also 
show a negative electrovalency of 1. 

Between the values of the atomic numbers of related 
elements, certain numerical relationships have been dis- 
covered. Thus the atomic numbers of the inert gases, 

2, 10, 18, 36, 64, 86, form a series represented bv the 
expression : — 


2 = 2x12 + 2x2* + 2x22 + 2x3=* + 2x32 + 2x42. 

This senes known as the Rydherg series, is, of course, also 
foimd m the number of elements forming a period. As we 
have seen the number of elements in the different periods 

2x4 We shaU I^rn, presently, that this arrangement of 
of the eTe"m4 spectroscopic behaviour 

It will be evident that the relationship, VlIX=a(Z-h\ 
gves a means not only of ascertaining the atomic number Z 
from the ej^enmentally determined value of A, but also of 

numoer Z. Since the atomic numbers form a series nf 
hi^?^ nicr^mg by single units, the atomic numbem of 

(protactinium, h;flm,Tnd“o7hc°m) H 

by means of their X-ray spectra discovered 

clear that if one neutron wS ° P^’^tons and neutrons, it is 

the atomic weight would bo nucleus 

one neutron), but the nositivn by umty (the mass of 

unaltered— that is to ^v the nucleus would be 

IS to say, the atomic number or the number 
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of extranuclear electrons would be unchanged. The theory 
of atomic structure discussed in the preceding pages, there- 
fore, opens up the astounding possibility of the existence of 
elements which have the same atomic number {and are 
therefore chemically identical) but have different atomic 
weights. The existence of such elements was first realised 
in the case of radioactive elements — a fact which is not 
surprising, since radioactive change is associated with a 
disintegration of the nucleus. 

In 1906, B. B. Boltwood (1870-1927), of Yale University, 
found that if salts of the two radioactive elements, ionium 
and thorium, are mixed it is impossible to separate them 
again by any chemical process ; and the spectra, also, of the 
two elements were later found to be identical. Moreover, 
in 1911, it was pointed out ^ by Frederick Soddy that the 
emission of an a-ray from the nucleus of a radioactive element 
corresponds to a lowering of the atomic number by tw’o units 
and a diminution of the atomic w'eight by four units, because 
the atomic weight of helium is 4, w’hereas its atomic number 
is 2. In the disintegration, for example, of radium to form 
radium-B, we have the series : 

Radium > radon ► radium-A ► radium-B 

a-ray. a-ray. a-ray. 

Atomic weight . 226 222 218 214 

Atomic number * 88 86 84 82 

The atomic number of radium-B, therefore, is the same 
as that of lead, but its atomic weight (214) is greater than 
the atomic weight of lead (207*2). 

On the other hand, the emission of a )5-ray (an electron) 
from the nucleus will increase the atomic number (or positive 
charge) by one unit, but, owing to the negligible mass of an 
electron, will leave the atomic weight unchanged. On 
pursuing the investigation of the radium disintegration 
series further, one finds the following series of changes ; — 

Rddium-B ► radium-C ► radium-Ci ► radium-D 

P-ray. p-ray. a-ray. 

Atomic weight . 214 214 214 210 

Atomic number 82 83 84 82 

Radium-D ► radium-E ► radlum-F ► radium-G 

P-ray. p-ray. a-ray. 

Atomic weight . 210 210 210 206 

Atomic number 82 83 84 82 


* F- Soddy ► Chemistri/ of (he Radio^elements, Part II (Longmans) 
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Radiura-D and radium-G, therefore, with their different 
atomic weights, have the same atomic number as radium-B 
and lead. Elements which have the same atomic number 
but different atomic weights were called by Soddy 
isotopes.^ Radium-B and radium-D are, therefore, isotopes 
of lead. 

The final disintegration product of radium and the final 
disintegration product of thorium have been identified with 
the element lead. They have all the same atomic number. 
On calculating the atomic weight of the lead formed by the 
disintegration of radium, one finds the value 206, whereas 
the lead derived from thorium is calculated to have the 
atomic weight 208-4. Soddy, therefore, predicted that the 
atomic weight of lead would depend on its provenance, and 
this prediction proved to be correct, the atomic weight of 
lead derived from different sources having been found to 
vary from 206-08 to 207*694. One cannot escape the 
conviction, therefore, that ordinary lead is a mixture of 
isotopes of different atomic weights, and that the atomic 
weight value, 207-2, is merely an average value (see below). 

The occurrence of istopes is not confined to the products 
of radioactive disintegration, but is met with also in the case 
of many of the ordinary elements. This was most abimdantly 
proved by Sir J. J, Thomson and by F. W. Aston (1877-1945), 
of the University of Cambridge, who, by the method of 
positive ray aruilysis, were able to determine, with a Iiigh 
degree of accuracy, the mass of the positively charged nuclei 
of different elements.^ 


The cathode rays, produced by an electric discharge 
through a rarefied gas, ionise the atoms and molecules of 
gas present in the tube ; that is, by coUision, they split off 
electrons from the gaseous atoms and molecules and thus 
produce, also, positively charged particles, the mass of 
which depends on the nature of the atoms and molecules 
pr^en^ Under the fall of potential existing in the discharge 
tube, these “ positive rays ” pass to the cathode, and if the 
latter is perforated, they will pass through the perforations, 
tormmg what were originally caUed “ canal rays.” Since 
the particles are positively charged, they can be deflected by 
a magnet ; and since the amount of deflection will depend on 


same place (from the Greek 
^ =place) m the periodic olassifiootion. 

* bee F. W. Aeton, Itotopu (Arnold). 
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the charge and mass of the particles, it is possible, from the 
amount of deflection produced, to draw conclusions regarding 
tlie mass of the positively charged particles. 

The apparatus — the so-called mass spectrograph — devised 
hy Aston,* is sliown diagrammatically in Fig. 3. C is the 



(From F. W. Aeton's Tiotopet, by permission of Edward Arnold & Co.) 


perforated cathode of an X-ray bulb from which electrons 
are projected. These ionise the gas atoms or molecules in 
the tube. The positive rays pass to the cathode and, having 
a high velocity, they pass through the perforated cathode 
and are formed into a fine ribbon of rays by passage through 
the slits Si and S 2 . The rays are then passed through an 
electric field, JjJg, which bends the rays through a certain 
angle depending on the mass of the particles. A portion of 
the rays is selected by means of a diaphragm, and the selected 
part is passed through a magnetic field M, arranged in such 
a way that the rays are bent back again in the same plane 
but through an angle which is greater than the original angle 
of deflection. By this means a separation of the particles 
according to their mass is effected, analogous to the dispersion 
of different light waves by passage through a prism. All 
particles with the same ratio e/m are deviated from the 
original path to the same extent and fall, therefore, on the 
same line on a photographic plate placed in the camera at 
\V, and particles of different mass will fall on different lines. 
In tliis way a “spectrum “ can be produced in which the 
position of the lines depends on the mass of the positive ray. 
It is therefore called a mass-spectrum. By means of the 
mass-spectrograph the mass of the positively charged atomic 

> Proc. Camb. Phil. Soe., 1919, 19, 317 ; Proc. Boy. Soc., 1937, A, 163, 391. 
A spectrograpb of a diflorent typo was devisecl by K. T. Bain bridge, ./. Franklin 
1 933* 216* 609. 
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nucleus or of a positively charged molecule can be determined 
with an accuracy of nearly 1 part in 100,000. A very sensitive 
method is thus given for determining the atomic weights of 
iiidividxial atoms. (In Fig. 3, Ij and are tubes with charcoal 
wliich could be immersed in liquid air in order to maintain 
a vacuum in the apparatus, and T is a small lamp which 
throws a spot of light on the photographic plate through the 
tube R in order to give a reference point for measurements 
of the spectral lines. 

On determining, by means of the mass-spectrograph, the 
mass of the positive nuclei, and therefore the mass of the 
atoms, of different elements, it was found that if the mass of 
the oxygen atom is put equal to 16-00, the masses of the 
atoms of other elements are all represented by whole numbers 
(see below). In some cases, e.g., helium, fluorine, etc., it is 
found that the elements consist entirely of atoms having 
the same mass, but in most cases the elements are found to 
consist of a mixture of isotopes, the atomic masses of which, 
however, are represented by whole numbers : thus chlorine, 
the atomic weight of which as determined by chemical 
methods is 35*457, was found to be a mixture of two isotopes 
having atomic weights or mass numbers of 35 and 37 
respectively, mixed together in the proportion of 3 to 1 
(76-4 to 24-6). The two isotopes have the same number of 
extranuclear electrons (namely 17), and are therefore chemi- 
cally identical, 2 but in one case the nucleus consists of 35 
protons and 18 electrons, while in the other case it consists 
of 37 protons and 20 electrons. These isotopes are represented 
as *®C1 and ®’C1 respectively. Similarly, argon, with an 
atomic weight of 39*944, is a mixture of isotopes having 
mass numbers 36, 38, and 40 ; and krypton (atomic 
weight = 83*80) is a mixture of no fewer than six isotopes, 
the mass numbers of which are 78, 80, 82, 83, 84, and 86. 

» Modem ^truments of high precision and sensitivity now record the 
positive ion beans by electronio methods, the result being 

® Pf * cathode my tube. Such 

case* or physically identical, although in the 

h^e fn I tb® differences are smaU. Isotopes 

ht *>®®“ wparatod by physical procesaea, e.p.. by diffusion « 

Sore's 5 ohemLu/, the heavier 

“oro «lowly than the lighter. SimUarly, the sUghtly different 
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In the table on the opposite page is given a list of the 
cliief simple and complex (isotopic) elements,^ the mass 
numbers being given in order of the relative proportions 
or abundance ratios of the isotopes. 

Isotopes of Carbon, Nitrogen, Oxygen, and Hydrogen. — 
i\Iass spectroscopic analysis of compounds containing carbon, 
nitrogen, ox3'gen, and hydrogen revealed no evidence for 
supposing these elements consisted of more than one atomic 
species. The earlier mass sjjectrographs, however, had an 
experimental limitation in that small percentages of an 
isotope could not easily' be detected. This was the reason 
for isotopy remaining undetected in these common elements. 
This evidence was provided in quite a different way. As 
will be seen later (p. 2.5), emission or absorption of radiation 
b^’ individual atoms gives rise to line spectra. Similarly 
molecules give rise to spectra, but such spectra consist of a 
great multiplicity of lines which often condense apparently 
into bands. This complexity arises because molecules can 
vibrate and rotate, thus giving rise to many more energy 
levels in a molecule than in an atom. If we consider two 
molecules identical in every respect, except that one consists 
of atoms isoto])ic with those in the other molecule, then in 
virtue of the fact that isotopes have similar electronic 
extranuclear structure and that electrons are responsible for 
the binding force or valence between atoms, such valency 
forces will be identical in magnitude. The frequency of 
vibration of the molecule (i/) is controlled by the valency 

forces and the reduced mass of the system fx, then i' = — 

fj. 

Hence isotopic molecules will vibrate at different frequencies. 
Anaij'sis of line spectra with instruments of high dispersion 
have revealed the existence of the isotopes *®C, and of 

and *®0. The confirmation of the isotopes discovered 
by the mass spectrograph has been established by similar 
technique. The discovery of isotopes in oxygen revealed 
a discrepancy between the atomic weights of hydrogen as 
determined by physical and chemical methods, and thus 
led to a search for an isotope of hydrogen. This isotope 
was discovered by H. C. Urey (1932) by examining under 
great dispersion the atomic spectrum of hydrogen in the 

‘ For u complete list of isotopes sec Fifteenth Bepori of the Committee on 
Alontj^ {>). Chem. 6’or*. 1951» 1); Hahn, Flugge, and Mattaucb, Physikal Z. 
1940, 41, I ; Bet., 1940, 73, A, 1. 
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He 

4003 

4 

1 

H 

1-008 

1. 2 

4 

Be 

9*013 

9 

3 

LI 

6-940 

6 

9 

El 

1900 

10 

5 

B 
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11 

lofl 
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23 

6 

C 

12-010 

12. 13 

13 

ii 

20*98 

27 

7 

N 

14-008 
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15 

p 
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31 

8 

0 

16-000 

10. 18. 17 

21 

Sc 

44-96 

45 

10 

Ne 

20-183 

20. 22. 21 

22 

Ti 

47 -go 

48 

12 

Mg 

24-32 

24, 25, 26 

23 


50-95 

51 

14 

Si 

28-09 

28. 29. 30 

25 


54-93 

53 

16 

S 

32-066 

32. 34. 33 

33 


74-91 

76 

17 

Cl 

35-457 

35. 37 
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88-92 

89 

18 

A 

39-944 

40. 36, 38 

53 
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10 

K 

30-100 

39. 41. 40 

55 

Cs 

132-91 

133 

20 

Ca 

40-08 

40, 44. 42. 48. 43, 46 

57 , 

La 

138-02 
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24 1 

Cr 

52-01 
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59 ; 

Pr 

140-02 
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26 1 

Fe 

55-85 
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79 

Au 
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197 

27 1 

Co 
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59, 57 

83 

Bi 

209-00 

209 

28 ; 

Ni 
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58, 60, 62, 61, 64 


Th 
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29 

Cu 
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63, 65 
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Kr 
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Rb 
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Sr 
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121. 123 





54 

Xe 

131-3 
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Ce 
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W 
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Os 
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Pt 
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Hg 
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Pb 
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Balmer series ; spectroscopic theory was in a sufficiently 
advanced state to predict the position of the line due to 
it, namely, for H 0-05A. Urey found such a line in the 
spectrum and showed conclusively that the intensity of 
this line could be significantly increased by evaporating off 
the ligliter isotope from a large volume of liquid hj’^drogen.^ 
Normally this heavy isotope is present to the extent of 
1 part in 6,000 of ordinary hydrogen. Its accepted name 
is dexiicriitm. 

Physical and Chemical Atomic Weights. — Besides the 
established methods of determining atomic weights relative 
to oxygen, 16-0000, the mass spectrograph makes it possible 
to determine physically atomic weights because the relative 
abundance of the various isotopes may be measured and a 
suitable average value for the atomic weight computed. 
The difficulty arises as to the standard. The standards 
for the two are different, for in the mass spectrograph 
the standard is the oxj'gen isotope of mass 16. The 
atomic weight of oxygen, as used chemically, is higher 
because of the existence of oxygen isotopes of mass 17 
and 18. 

It will now be clear that the claim can no longer be made 
that the chemical atomic weights of the elements are funda- 
mental constants, for the existence of isotopes, with their 
integral atomic weights, shows that the fractional atomic 
weights are merely average values for mixtures of different 
atoms. And yet, for practical purposes, the atomic weight 
has lost little of its former importance in chemistry on 
account of the fact that Nature, apparently, for some reason 
still unknown, mixes the isotopes in constant, or practically 
constant, proportions ; and the chemist, in his practical 
operations, is concerned, not with single atoms but with 
very large collections of atoms. 

Packing Fraction. — The earlier determinations of atomic 
mass by means of the mass-spectrograph had shown, as we 
have seen, that the atomic masses are whole numbers 
(“ whole-number rule ”) when referred to the atomic mass 
of oxygen equal to 16-0000. To this rule, hydrogen was a 
marked exception. The more recent and exact determinations, 
however, have shown that the atomic masses of nearly all 

^ H- C. Urey» F. G. Brickwedde and G. M. Murphy, Phys, 1032, 40, !• 

See also G. N. I^wis, J. Amer. Chem. Soc., 1933, 55, 1297 The ratio of *H to 

Id natural waters is about 1 : 6500. 
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isotopes deviate to a slight extent from whole numbers, the 
masses of the lighter elements being greater and those of 
the heavier elements (up to mercury) being less than the 
nearest whole number. The divergence of the atomic mass 
from the nearest whole number divided by the mass number 
or number of protons in the nucleus is called the packing 
fraction, and its importance lies in its being a measure of the 
gain or loss of mass per proton, when the nuclear packing is 
changed from that of oxygen to that of the atom in question. 
Large packing fractions indicate looseness of packing and 
low stability ; small packing fiuctions, the reverse. Of the 
different elements, hydrogen has the largest packing fraction, 
namely, 81-2x10“*. In the following table are given the 
isotopic weights and packing fractions of a number of the 
elements.^ 


TABLE OP PACKING FRACTIONS AND ISOTOPIC WEIGHTS 


Symbol. 


«He 

lOR 

‘*C 

UN 

i»F 

*»Ne 

“Si 

»ip 

«C1 


Isotopic Weight. 


1-00812±0 00004 
4-00391 ±0-00016 
100161 ±0-0003 
12-00355 ± 0-00016 
14-0073 ±0-0004 
10-0046 ±0-0006 
10-9986 ±0-0006 
27-9863 ±0-0007 

30- 9836 ±0-0006 

31- 9823 ±0-0003 
34-0600 -fO-OOOS 


Packing Fraction 
xl0«. 


-1-81-2 
+ D-77 
-hlO-l 




2 

6 

2 

0 

4 

6 

5- 

6 


-06 

28 

36 

70 
90 
30 
63 

71 


If the nucleus, as is now believed, is made up of protons 
and neutron, the mass of the heavier atoms.^S to 

“ “"Itiple of the mass of the hydrogen 

® “ 4-00391, whereas 

planation of thm fact can be found in the assumpti™ that 

Dooletts. isotoDio weurKba reJAting to number of neutrons in the 

^ ^ abundance of isotopes, packing fracao^! 
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when two protons and two neutrons combine to form the 
helium nucleus, energy is liberated ; and, according to the 
theory of Einstein, electromagnetic mass and energy are 
interrelated (1 g.=9 x 10^® ergs), so that emission of energy 
corresponds to a reduction of mass.^ 

Arrangement of Extranuclear Electrons. — While the mass 
of the atom depends ahnost entirely on the nucleus, the 
chemical behaviour (e.g'., valence, formation of ions in 
solution, etc.), and the physical properties (e.^., visible and 
X-ray spectra) depend on the number and arrangement of the 
extranuclear electrons. Regarding the arrangement of 
these electrons various suggestions have been made, and the 
atomic model which is now generally accepted is that due, 
essentially, to Niels Bohr,^ Professor of Physics in the 
University of Copenhagen, but modified in various details. 
So far as the number of electrons in different layers or orbitals 
is concerned, tliis model is similar to that suggested, from 
the chemical point of view, by C. R. Bury,® of University 
College of Wales, Aberystwyth, and based on an earlier 
model proposed, in 1919, by Irving Langmuir,^ of the 
General Electric Company, Schenectady, New York. For 
the interpretation of chemical properties and valence, a 
static model,® in which the electrons are fixed in their 
positions, will suffice ; but for an explanation of the dynamic 
stability of the atom and of the optical properties, it is 
necessary to assume that the electrons are in motion, and 
that they are revolving round the nucleus in circular or 
elliptical orbitals. The electrons in the outer orbitals are 
responsible for the visible spectra, those in the inner orbitals 
for the X-ray spectra. 

According to Bolir’s theory of atomic structure there 

^ Tbo loss of mass which accompanies the combination of four protons and 
two electrons to form a helium nucleus corresponds to the liberation of no 
less than 6 x gram calories per gram-atom (4 g.) of helium. It may 
perhaps bo pointed out that the discovery of the hydrogen isotope intro- 
duces the possibility that this isotope may be a structural unit of the nucleus* 
If so, then arguments based on defects of mass and packing fractions may 
have to be revised* Views and knowledge regarding the constitution of the 
atomic nucleus arc in process of rapid growth. 

2 Phil. Mag., 1913, 26, 1, 476, 687 ; The Theory of Spectra and Atomic 
Comiiiuiion (Cambridge University Press). 

^ J. Amer. Chem. Soc., 1921, 43, 1002. For certain modifications, see 
J. D. Main Smith, Chem. and Ind., 1923, 42, 1073 ; 1924, 43, 323 ; Phil. Mag., 
1925, 60, 878 ; E. C. Stoner* Phil. Mag., 1924, 48, 719. 

* J. Amer. Chem. Soc., 1919, 41, 868, 1543 ; 1920, 42, 274. 

^ Such models had been suggested as early as 1902 and elaborated in 1916 
by G. N. Lewis, and also in 1916 by W. Kossol. 
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exist certain orbitals in which alone an electron can move 
without emitting radiation,^ and these states of motion of 
the electrons are called stationary states. These stationary 
states are such that the angular momentum of the electron 
round the nucleus is equal to hj^n, or to some multiple 
of this, the multiple which defines the particTilar stationary 
state being known as the quantum number of that state. 
The constant h is known as Planck’s constant. It has the 
dimensions of energy multiplied by time and has the value 
of 6-62 X 10-27 erg-second. 

To account for the emission spectra of a gaseous element, 
Bohr postulated, also, that energy of radiation may be 
absorbed by an extranuclear electron, which is thereby raised 
to a higher energy level, or is caused to pass into an orbital 
in which the electron has a greater potential energy. 
Moreover, invoking the quantum theory of the German 
mathematical physicist, Max Planck, Bohr assumed that 
radiation taken up by an electron is not absorbed con- 
tinuously but as a quantum of energy, or in integral multiples 
of energy quanta. A quantum of energy of radiation is not 
a fixed and constant quantity but depends on the frequency 
of the radiation and is equal to hv, where h is Planck’s 
constant. The frequency v is equal to c/A, where c is 
the velocity of propagation and A is the wave-length of 
the radiation. The shorter the wave-length, therefore, the 
greater is the energy of the quantum. 

Moreover, when an electron falls back again from an 
orbital of higher energy level, to a.n orbital of lower energy 
level, .ffi, a quantum of energy is emitted equal to that 
absorbed when the electron passes from the energy level E., 
to the energy le^l E^ ; and the frequency of the radiation 
(or the waye-len^h of the spectral line) so emitted is given 

by the relationship, ^ 

The important hypothesis that the extranuclear electrons 

only in certain definite orbitals or 

has “ O’^ory conceivable orbital, 

ener^v o°>frmed by experimental determination of the 

^rays ol difrerent frequencies and by the study of the 
emission spectra of the elements ; and the theory developed 
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by Bohr has been of great value in interpreting the visible 
and X-ray spectra. 

It has been pointed out that when an electron jumps from an energy level 
with the quantum number to a lower energy level with the quantum number 
monochromatic radiation is emitted, the frequency of which is given by 
- Eni =/iv. The energy associated with the different orbitals or energy levels 
can be calculated, and it is found that 


or 

where v iii the wave number (1/M or the number of waves in 1 cm., X being 
expressed in centimetres. It had, however, been observed by the German 
physicist, J. J. Balmer,' as long ago as 1885, that the lines of the visible hydrogen 
spectnim form a series, the wave numbers of which are given by the expression 



where i? is a constant, known as the Rydberg constant, and m bas successive 
values of 3, 4, 5, etc. On calculating the value of K\ derived from the Bohr 
theory, the value 109,480 was obtained in good agreement with the Rydberg 
constant, 109,677*70. 

According to the Bohr theory the lines of the Balmer series are produced 
by the jump of an electron from orbitals with the quantum numbers n=s3, 4, 6, 
etc., to the orbital with the quantum number ns2. 

Similarly, other series of hydrogen spectral lines in the ultra-violet and 
infra-red have been found, which are also in agreement with the general expres- 
sion v^R, ( ^ the values of m being whole numbers greater than tu When 

Vn* m^J 

n = l, V gives the wave numbers of the lines of the Lyman series ; when n=3 
one obtains the wave numbers of the Paseken series^ and when n = 4 one obtains 
the wave numbers of the Brackelt series^ These series of lines are formed by the 
fall of electrons from higher energy levels to orbitals having the quantum numbers 
1, 3, and 4 respectively. 

To sum up. According to the Bohr theory, there are, 
for any given nucleus, only certain orbitals or energy levels 
which an electron can occupy, and these are defined by 
what are known as the principal qvuntum numbers, n = \,2,Z, 
etc. These numbers also denote the electron sheath or shell, 
n = 1 being the orbital or shell nearest to the nucleus. These 
shells are also known as the K, L, M, etc., shells, and the 
K, L, M series of X-ray spectral lines previously referred 
to (p. 12) are produced when an electron falls from an outer 
shell to a place in the K, L, M shell respectively, rendered 
vacant by the X-ray bombardment. 

Besides the principal quantum numbers, it has been 
found necessary, in order to account for the fine structure 
of spectra, to introduce subsidiary quantum numbers defining 

^ Ann. PhysiK 1885, 80. 
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(1) the angular momentum of the system, (2) the orientation 
of this angular momentum in a magnetic field, (3) the 
magnetic moment or “spin” of the electron. Tlie first of 
these is generally represented by and this may have 
different values equal in number to the principal quantum 
number. The electrons in a given sheath or sheU can there- 
fore be separated into different sub-groups, and the values of 
Zs=0, 1, 2, and 3 are frequently represented by the letters 
s, p, d, and / respectively.^ Into a Ailler discussion of these, 
however, it is not possible to enter. 

The maximum number of electrons which can exist in 
the different shells, or at the different energy levels, is 
given by the series, 2x12, 2x2^, 2x32, etc.— that is, the 
number is equal to twice the square of the principal quantum 
number, and according to what is known as Pauli's exclusion 
principle,^ no two electrons in an atom can have an identical 
set of quantum numbers. 

In all the electronic arrangements, even in those suggested 
by R. Abegg (1904), J. J. Thomson (1904), G. N. Lewis 
(1916), and W. Kossel (1916), the maximum number of 
electrons existing in the outermost layer was taken to be 
eight, forming what is called an octet. This octet of electrons 
is particularly stable and is found in the case of all the inert 
gases except helium. The arrangement of the extranuclear 
electrons, therefore, which has been adopted as expressing 
most completely the chemical and optical behaviour of the 
mert gases, is shown in the following table : 


ARRANGEBIENT OF EXTRANUCLEAR ELECTRONS 

IN THE INERT GASES 


Elemeat. 


Helium 

Neoa 

Aragon 

Krypton 

Xenon 

Radon 


Atomic 

Number. 


2 

10 

18 

36 

64 

86 


Number of Electrons in Quantum Group. 


nsal. 


2 

2 

2 

2 

2 

2 


n=2. 


8 

8 

8 

8 

8 


n=3. 


8 

18 

18 

18 


n = 4. 


8 

18 

32 


n = 6. 


8 

18 


n = 6. 


8 


corre«)onding { values. aesenoe spectral senes connected with the 

• Z. Phynk. 1926. a, 766. 
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Of the eight electrons in the outermost shell of the 
elements, neon to radon, two are in the sub-group s and six 
in the sub-group p. 

Electronic Arrangement and the Periodic Classification. — 
In the first period of the table (p. 14) stand the elements 
hydrogen and helium, the former with one extranuclear 
electron and tlie latter with two. The orbit with quantum 
number a = l is now complete, and the helium system is a 
very stable one. When a third electron is added, in the case 
of lithium, it enters a new shell with quantum number n = 2, 
and a new period, the first of the two short periods, is begun. 
On passing to elements of higher atomic number, the number 
of electrons in tliis second shell increases up to eight, when the 
stable configuration of neon is reached. Thereafter, with 
sodium, a new shell (n = 3) is formed and progressively built 
up so that one has the arrangements 2, 8, 1 ; 2, 8, 2 ; 2, 8, 3, 
etc., up to 2, 8, 8, the stable configuration of argon. In the 
two short series the outer shell is built up in a similar manner 
in both cases, and the elements of the second short series 
exliibit a gradation of properties similar to that shown by 
the elements of the first short series. The elements of the 
two short periods, and the members of the closely related 
families of which they are the types, are known as typical 
elements. 

One now comes to the first long period, and with 
potassium a new shell of electrons {n = 4) begins to be formed, 
potassium having the electronic structure 2, 8, 8, 1, and 
calcium the configuration 2, 8, 8, 2. This fourth shell, 
however, is not built up continuously, for with the jsresence 
of the two electrons in the fourth shell, the tliird incomplete 
shell can now be built up. With scandium, then, a new type 
of element, not represented in the two short periods, is 
introduced ; and for the elements following scandium 
(2, 8, 9, 2) the third shell is built up, unit by unit,^ until 
one reaches zinc {2, 8, 18, 2). The elements scandium to 
zinc are known as transition elements ; they do not belong to 
the family of any of the elements of the short periods. After 
zinc, the tliird shell being now complete, the filUng up of 
tlie fourth shell, which had been interrupted at the element 
calcium, is resumed for the typical elements gallium (2, 8, 
18, 3) to krypton (2, 8, 18, 8). 

^ An exception to this rule is found in the case of chromium with the structure 
2» 8, 13, 1, and of copper with the structure 2, B, 18, 1. 
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A similar behaviour is found in the next long period, 
yttrium to cadmium being transition elements. After 
strontium, with the configuration 2, 8, 18, 8, 2, tlie fourth 
shell is built up, with slight interruptions, and the regular 
building up of the fifth shell, interrupted at strontium, is 
resumed for the typical elements indium (2, 8, 18, 18, 3) to 
xenon (2, 8, 18, 18, 8). 

The principles of electronic arrangement which have 
just been discussed and which are based mainly on spectro- 
scopic evidence have proved of great value in considering 
the electronic structure of the elements of the longest period 
with atomic numbers 55 to 86. A discussion of the complex 
structures met with in these cases would, however, lead us too 
far. They are shown in the table of atomic structures 
(p. 31). 


On considering the periodic classification of the elements 
in the light of the extranuclear electronic structures, it is 
found that elements belonging to the same natural group or 
family have similar structures so far as the outer layer or 
shell of electrons is concerned. Thus, in the case of the inert 
gases, as has been pointed out, there is always, except in 
the case of heUum, an outer layer of eight electrons. Such 
elements are chemicaUy inert. The elements of the alkali 
metal group which, in aU cases, follow the inert gases all 

outermost layer and, except in 
the ^e of bthium, eight electrons in the adjacent l^er 

natural group. Be, Mg, Ca, 
^^2 electrons in the outermost sheU and, 
except in the ^se of berylUum, eight electrons in the pre- 
ce^g sheU The elements of the halogen group on *the 

the^elemfi'^f electrons in the outermost layer, and 

the elements of the oxygen group have six. 

and ^ if- elements like copper silver 

a£a# resembla^c^es ’to the 

nearly of thi^samrs^e^^® outermost shell, and are. moreover. 



ARRANGEMENT OF THE EXTRANUCLEAR ELECTRONS 

IN THE ELEMENTS 


Quantum Number. 

1. 

2. 1 

3. 

4. 

6. 

Atomic 

Number. 

Element. 

s. 

0 . 

P- 

e. 

P- 

.1. 

s. 

P- 

d /. 

s. 

p. d. 

1 

H 

1 












He 

2 












Li 

2 

1 










4 

Be 

2 

2 










6 

B 

2 

2 

1 









G 

C 

2 

2 

2 









7 

N 

2 

2 

3 









8 

O 

2 

2 

4 









0 

F 

2 

2 

5 









10 

Ne 

2 

2 

0 









11 

Na 

2 

2 

0 

1 








12 

Mg 

2 

2 

c 

2 








13 

A1 

2 

2 

c 

2 

1 







14 

S) 

2 

2 

6 

2 

2 







15 

P 

2 

2 

6 

2 

3 







IG 

s 

2 

2 

6 

2 

4 







17 

Cl 

2 

: 2 

0 

2 

5 







18 

A 

2 

1 

2 

6 

2 

G 







10 

K 

1 

2 

1 2 

0 

2 

G 


1 





20 

Ca 

2 

2 

6 

2 

6 


2 





21 

Sc 

2 

2 

6 

2 

0 

1 

2 





22 

Ti 

2 

1 2 

6 

2 

6 

2 

2 





23 

V 

2 

I 2 

6 

2 

G 

3 

2 





24 

; Cr 

2 

2 

6 

2 

G 

6 

1 





25 

Mn 

2 

2 

G 

2 

G 

5 

2 





2C 

' Fo 

2 

2 

6 

2 

G 

G 

2 





27 

Co 

2 

2 

0 

2 

G 

7 

2 





28 

Ni 

2 

2 

0 

2 

G 

8 

2 





20 

Cu 

2 

2 

G 

2 

6 

10 

1 





30 

Zn 

2 

2 

6 

2 

G 

10 

2 





31 

Ga 

2 

2 

G 

2 

G 

10 

2 

1 




32 

Go 

2 

2 

6 

2 

6 

10 

2 

2 




33 

As 1 

2 

2 

G 

2 

0 

10 

2 

3 

1 



34 

Se 

2 

2 

6 

2 

0 

10 

2 

4 

1 

1 



35 

Br 

2 

2 

6 

2 

G 

10 

2 

6 

1 



3G 

Kr 

2 

2 

6 

2 

G 

10 

2 

6 




37 

Rb 

2 

2 

G 

2 

0 

10 

2 

6 


1 


38 

Sr 

2 

2 

6 

2 

G 

10 

2 

G 


2 


30 

Yt 

2 

2 

G 

2 

6 

10 

2 

G 

1 

2 


40 

Zr 

2 

2 

G 

2 

G 

10 

2 

G 

2 

2 


41 

Nb 

2 

2 

G 

2 

0 

10 

2 

G 

4 

1 


42 

Mu 

2 

2 

6 

2 

0 

10 

2 

G 

6 

1 


43 

To 

2 

2 

6 

2 

G 

10 

2 

G 

5 

2 


44 

Rti 

2 

2 

0 

2 

0 

10 

2 

G 

7 

1 


45 

Rh 

2 

2 

G 

2 

C 

10 

2 

G 

8 

1 


40 

I’d 

2 

2 

0 

2 

6 

10 

2 

G 

10 



47 

At! 

2 

2 

G 

2 

6 

10 

2 

6 

10 

1 


48 

Cd 

2 

2 

e 

2 

0 

10 

2 

G 

10 

2 


40 

In 

2 

2 

G 

2 

0 

10 

2 

G 

10 

2 

1 

50 

Sd 

2 

2 

0 

2 

Q 

10 

2 

6 

10 

2 

2 

61 

Sb 

2 

2 

6 

2 

G 

10 

2 

G 

10 

2 

3 

62 

Te 

2 

2 

G 

2 

0 

10 

2 

6 

10 

2 

4 

63 

I 

2 

2 

6 

2 

6 

10 

2 

0 

10 

2 

6 

64 

Xe 

2 

2 

0 

2 

0 

10 

2 

6 

10 

2 

6 


30 
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AREANGEMENT OP THE EXTRANUCLEAR ELECTRONS 

IN THE ELEMENTS — continued. 


Quantum 

Number. 

1 

1 

2. 

3. 

4. 

5. 

6. 

Atomic 

Number. 

Element. 

1 

1 

B 

s. 


d. 



d. 

/• 

s. 

P- 

d. 

8. 


d. 

55 

Cs 


2 

6 

2 

c 

10 

2 

6 

10 


2 

6 


\ 



66 

Ba 

2 

2 

6 

2 

6 

10 

2 

6 

10 


2 

6 


2 



67 

La 

2 

2 

6 

2 

6 

10 

2 

6 

10 


2 

6 

1 

2 



58 

Ce 

2 

2 

6 

2 

6 

10 

2 

6 

10 

1 

2 

6 

1 

2 



59 

Pr 

2 

2 

6 

2 

6 

10 

2 

6 

10 

2 

2 

6 

1 

2 



60 

Nd 

2 

2 

6 

2 

6 

10 

2 

6 

10 

3 

2 

,6 

1 

2 



61 

U 

2 

2 

6 

2 

6 

10 

2 

6 

10 

4 

2 

'6 

1 

2 



62 

Sm 

2 

2 

6 

2 

6 

10 

2 

6 

10 

6 

2 

6 


2 



63 

£u 

2 

2 

6 

2 

6 

10 

2 

G 

10 

7 : 

2 

6 


2 



64 

Gd 

2 

2 

6 

2 

6 

10 

2 

6 

10 

7 

2 

6 

1 

2 



65 

Tb 

2 

2 

6 

2 

6 

10 

2 

6 

10 

8 

2 

6 

1 

2 



66 

Dy 

2 

2 

6 

2 

6 

10 

2 

6 

10 

9 

2 

6 

1 

2 



67 

Ho 

2 

2 

6 

2 

e 

10 

2 

6 

10 

10 

2 

G 

1 

2 



68 

Er 

2 

2 

6 

2 

6 

10 

2 

6 

10 

11 

2 

6 

1 

2 



69 

Tm 

2 

2 

6 

2 

6 

10 

2 

6 

10 

13 

2 

6 


2 



70 

Yb 

2 

2 

6 

2 

6 

10 

2 

6 

10 

14 

2 

6 


2 



71 

Lu 

2 

2 

6 

2 

6 

10 

2 

C 

10 

14 

2 

6 

1 

2 



72 

Hf 

2 

2 

6 

2 

6 

10 

2 

6 

10 

14 

2 

6 

2 

2 



73 

Ta 

2 

2 

6 

2 

6 

10 

2 

6 

10 

14 

2 

6 

3 

2 



74 

W 

2 

2 

6 

2 

6 

10 

2 

6 

10 

14 

2 

G 

4 

2 



75 

Ro 

2 

2 

6 

2 

6 

10 

2 

6 

10 

14 

2 

6 

6 

2 



76 

Os 

: 2 

2 

6 

2 

6 

10 

2 

0 

10 

14 

2 

6 

6 

2 



77 

Ir 

2 

2 

6 

2 

6 

10 

2 

6 

10 

14 

2 

6 

9 




78 

Pt 

2 

2 

6 

2 

C 

10 

2 

0 

10 

14 

2 

0 

9 

1 



7© 

Au 

2 

2 

6 

2 

6 

10 

2 

6 

10 

14 

2 

6 

10 

I 



80 

Hg 

2 

2 

6 

2 

6 

10 

2 

0 

10 

14 

2 

0 

10 

2 



81 

ri 

2 

2 

6 

2 

6 

10 

2 

6 

10 

14 

2 

6 

10 

2 

1 


82 

Pb 

2 

2 

6 

2 

6 

10 

2 

6 

10 

14 

2 

6 

10 

2 

2 


83 

Bi 

2 

2 

6 

2 

6 

10 

2 

6 

10 

14 

2 

6 

10 

2 

3 


84 

Po 

2 

2 

6 

2 

6 

10 

2 

6 

10 

14 

2 

6 

10 

2 

4 


86 

At 

2 

2 

6 

2 

6 

10 

2 

6 

10 

14 

2 

6 

10 

2 

6 


86 

Rq 

2 

2 

6 

2 

6 

10 

2 

1 

d 

10 

14 

2 

6 

10 

2 

6 


87 

Ft 

2 

2 

6 

2 

6 10 


6 

10 

14 

2 

6 

10 

2 

6 


88 

Ra 

2 

2 

6 

2 

6 

10 

2 

Q 

10 

14 

2 

6 

10 

2 

0 


80 

Ac 

2 

2 

6 

2 

6 

10 

2 

6 10 

14 

2 

6 

10 

2 

6 

1 

90 

Th 

2 

2 

6 

2 

6 10 

2 

6 

10 

14 

2 

6 10 1 

2 

0 

2 

©1 

Pa 

2 

2 

6 

2 

6 

10 

2 

6 

10 

14 

2 

6 

10 

2 

G 

3 

92 

U 

2 

2 

6 

2 

6 

10 

2 

6 

10 

14 

2 

6 

10 

2 

0 

4 


the transition elements can give rise to positively charged 
KMis and are therefore to be classed as metals. In the case 
of these elements, moreover, an electron may take its place 
m the outermost sheU or in the adjacent sheU, and so a 
variable electrovalency may be found, as in the case of 
chromium (Cr" and Cr‘”), manganese (Mn‘* and Mn” ), iron 
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(Fe " and Fe'"), etc. It is in the case of these elements, 
also, that one meets with coloured ions. 

Although the Bohr theory has proved very useful and 
gives a satisfactory general explanation of the periodicity 
of properties and of the simpler optical properties of the 
elements, it fails to give a completely satisfactory account 
of all the facts, and has had to be supplemented and modified 
by the concepts and equations of wave mechanics, introduced 
by Prince Louis Victor de Broglie and E. SchrOdinger. 
These rather abstract conceptions and their difficult 
mathematical treatment cannot, however, be discussed here. 

Electronic Constitution and Valency. — ^The conception of 
an atom as a complex structure formed by a positively 
charged nucleus surrounded by extranuclear electrons, and 
the manner in which these extranuclear electrons are built 
lip into shells with a ma.xiinum of eight electrons in the 
outer layer, furnish a physical basis for the doctrine of 
valency which was first put forward as an empirical doctrine 
descriptive of the combining capacity of atoms. A dis- 
cussion of valency from this point of view was first most 
fully undertaken by Gilbert N. Lewis (1876-1946), of the 
University of California, ^ and Walter Kossel,, now Professor 
of Theoretical Physics in the University of Kiel.^ 

Reference has already been made to the particular 
stability of the electronic arrangement in the atoms of the 
inert gases, associated with the presence, in the case of 
helium of two and in the case of the other gases of eight 
electrons in the outermost shell. If, then, chemical combina- 
tion be regarded as due to the transfer or to a rearrangement 
of electrons between atoms so as to yield the stable con- 
figurations of the inert gases, it will be clear that it is the 
electrons of the outermost shell, the so-called valency 
electrons, which are involved. Valency, accordingly, may 
be regarded as the expression of the number of electrons 
which an atom must gain or lose in order to form a system 
with an outermost shell of eight electrons, or in order to 
assume the structure of the nearest inert gas. 

Electrovalency. — The formation of salts which, like 
sodium chloride, are not only completely ionised in aqueous 
solution but which, in the fused state, have a high electrical 

* J, Amer, Chtm, Soc,, 191G» 38» 762; Valence and (he Structure of Atome 
and Molecules (Chemical Catalog Company). 

2 Ann. Physik. 1916, 49, 229. 
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conductivity, can best be interpreted as due to electron 
transfer. The sodium atom has one electron in its outermost 
shell and by giving up this electron it forms a positively 
charged system (iori) having the stable extranuclear 
electronic arrangement of neon. Chlorine, on the other 
hand, which has seven electrons in its outermost shell, 
can take up one electron to complete the octet, thereby 
forming a negatively charged system having the electronic 
arrangement of the inert gas, argon. Combination between 
sodium and chlorine, therefore, can readily occur by the 
transfer of one electron from the sodium atom to the outer 
shell of the chlorine atom. By the loss of an electron the 
sodium atom acquires a positive charge, and by the gain of 
an electron the chlorine atom acquires a negative charge, 
and union takes place by electrostatic attraction. In this 
reaction the sodium and chlorine atoms act as univalent 


atoms, the sodium being electropositive and the chlorine 
electronegative. Similarly, calcium, which has two electrons 
in its outer shell, can give up these electrons and so act 
with an electrovalency of two ; oxygen, with six electrons in 
its outer sheU, can take up two electrons to complete the 
octet, and it also is bivalent. The valency which is thus 
manifested by the transfer of electrons is known as electro- 
valency, and the compounds formed in this way are called 
electrovalent (sometimes also polar) compounds. The ordinary 
salts, e.g., sodium chloride, calcium bromide, etc., are 
electrovalent compounds. 


The action of electrovalency cannot, however, extend 
indefinitely. The electrons in the outermost shell are subject 
to the attraction of the positive nucleus, and the ease with 
which an electron is removed from an outer layer will depend 
on its ^tance from the nucleus. In the case, for example, 
of lithium, in the first shot period, the valency electron 
exists in the second shell with quantum number n = 2, 
wher^s in the case of sodium the single electron exists in 
^e third sheU ; farther away, therefore, from the nucleus 
ihe removal of the electron will, in this case, take place 
more easdy than in the case of lithium. Moreover after 
one elecfron has been removed, the removal of a second 
electron takes place with greater difficulty. Accordingly, in 
the first short period, although beryUium can lose two 
electrons and fo^ a bivalent ion, boron shows no electro- 
valency. The electrons in the third sheU. however, can be 
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removed, more eaisily, and it is found that in the second 
short period aluminium can form a trivalent ion. Similarly, 
atoms can take up electrons only to a limited extent, and 
the negative charge on an elementary anion seldom exceeds 
two units. 

The restriction placed on the action of electrovalency 
is also illustrated by the behaviour of hydrogen. Under 
certain conditions it would appear that hydrogen can take 
up an electron and so form a negative ion with the con- 
figuration of helium, because when fused lithium hydride, 
LiH, is electrolysed, hydrogen is evolved at the anode. 
Apparently, however, hydrogen cannot exercise a positive 
electrovalency through the loss of an electron. Anhydrous 
acids, e.g., liquid hydrogen chloride, are not electrolytes, and 
tlie xi'nion of the elements, therefore, is not to be ascribed to 
tlie action of electrovalency. When an acid is dissolved in 
water, it is true, a cation is formed which is usually spoken 
of as hydrogen ion, but tliis is not a bare proton, formed by 
the loss of an electron, but an oxonium ion, H 3 O+, in which 
the atoms are not held together by electrovalencies but by 


covalencies. 

Covalency. — Reference has already been made to the 
particular stability of the electronic arrangement in the 
atoms of the inert gases associated with the presence, in 
the case of heUum, of two and, in the case of the other 
inert gases, of eight electrons in the outermost shell. It is 
found, therefore, that the formation of stable compounds 
can take place by the sharing of electrons by atoms so as to 
form a duplet or an octet, the atoms thereby acquiring the 
configuration of an inert gas. Only the electrons in the outer- 
most layer, the valency electrons, will be concerned in this 
process Thus, in the combination of two atoms of hydrogen 
to form a molecule, each atom of hydrogen shares its 
single electron with the other, thus ; H* -i- -H^H : H. The 
single chemical bond, therefore, so generaUy represented in 
the older grapliic formulae by a line, aI-H, is seen to be 
formed by a pair of shared electrons, 6 r a duplet. Similarly, 
in the case of other non-metals, p ” case of the 

carbon compounds, chemical coim--^ oy the sharing of 

electrons is frequently found, i ii p- 

In the case of the.univalentiloJpb''^ j^lements, for example, 
molecules are formed by ttaooaaring w-'^-^ectrons, and the 
molecules so formed possetn^to ^ stability owmg to the 


%o 


. 
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fact that the shared duplet forms part of an octet. Thus, 
since the halogen elements have seven electrons in the 
outermost layer, the combination of two atoms to form a 
molecule may be represented thus : 

•• 

: a- + a: ^ :a:Cl: 


Each single atom is shown here with seven electrons, 
whereas, in the moleciile, two electrons are held in common 
(forming a duplet), and so each atom has its completed octet. 
Valency due to the sharing of electrons is spoken of as 
covalency. The maximum covalence of a non-metal is 
equal to the number of electrons in its outer layer in defect of 
eight. It will be seen that each chlorine atom has three pairs 
of unshared electrons. These are spoken of as “ lone pairs.” 

In the production of ammonia by the combination of 
nitrogen and hydrogen, the nitrogen atom with its outer 
layer of five electrons shares three pairs of electrons with the 
three hydrogen atoms, as shown by the diagram 

•H H 

:N + -H -> :N:H 

•H H 


In ammonia, each hydrogen atom has the stable con- 
figuration of helium, and nitrogen has the stable octet. In 
the case of ammonia there are three duplets and one lone 
pair of elections. 

In the molecule of oxygen two pairs of electrons are 
shared, thus : 





This sharing of two pairs of electrons corresponds to a 
double bond, and,, similarly, the sharing of three pairs of 
electrons corresponds to a triple bond. 

some cases the'itwo shared electrons constituting a 
smgle luiag^r-ns'oe^d by only one of the two atoms 
TOncemed. Iri aucte-o^es of co-ordinate covalency,” or 
dative covalency "a*. caUed, the molecule becomes 

S? r ’ ” the “donor” atom, which 

supphes the electrons, b. ling positive while the other 

atom, the becomes negative. These 
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compounds, unUke those in which only an electrovalenoy is 
present, do not undergo ionisation in solution, and the linkage 
is therefore frequently referred to as a semi-polar double 
bond and is represented by the sjnnbol — . In this symbol 
the half arrow-head points towards the negative portion of 
the molecule. 

The further deductions which may be made from the 
electronic theory of valency are of great importance, but 
they cannot be discussed more fully here.^ Nor is it possible 
to discuss here the important advances which have been made 
in the interpretation of valency on the basis of wave 
mechanics.^ 

» See. for example. N. V. Sidgwick, TU Bleclronic Theory of Valency (Oxford 
University Press) ; Some Physical Properties of the Covalent Link in Chemtslry 

(Cornell University Press). . . j nit. I 

« A useful little book on valency is An Inlroduclton to the Modern 1 heory of 
Valency by J. C. Speakman (Arnold). See also L. E. Sutton, “ The Present 
State of Valency Theory ” {J. Chem. Soc., 1940, 644). 




CHAPTER II 


THE PROPERTIES OF GASES 

Of the different states of matter, the solid, the liquid, and 
the gaseous, the last is the one which exhibits the simplest 
and most uniform behaviour ; and the quantitative laws 
^'hich express the behaviour of gases when the external 
conditions of temperature and pressure undergo change are 
largely independent of the nature of the gas. 

Boyle’s Law. — ^Through the observation that, when a 
partially inflated lamb’s bladder, placed in the receiver of an 
air-pump, became distended when the air in the receiver W’as 
exhausted, Robert Boyle (1627-91) was led to study the 
relation between the volume of a gas and the pressure to 
which it is subjected. In order to ascertain quantitatively 
how the volume varies with the pressure, Boyle filled the 
bend of a glass tube with mercury so as to enclose in the 
shorter closed Umb of the tube a certain volume of air under 
the pressure of the atmosphere. The length of the air space 
was measured, and mercury was then poured, in successive 
mrtions, mto the open end of the tube. After each addition 
nf mercu^, the length of the air space and the difference of 
V ^7^ surfaces of mercury were determined. If 

Hm w volume of air in the closed 

hmb of the tube will, obviously, be proportional to the length 

vnln™« •’ therefore ascertain how the 

thl ^ va-nes with varying pressure as measured by 

fo^^b^r®®h ^ mercury surfaces. Thus, it was 

found that when the pressure was 29i in. of mercurv the 

-a? 

found 
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with only small deviations which could be attributed to 
experimental errors. 

Boyle also found that wlien the pressure was reduced 
the volume increased, and he was thus able, in 1662 , to sum 
up the behaviour of air in a general law ^ which can be 
stated as follows : When the temperature is kept ccmslani, the 
volume of a given mass of air is inversely proportional to the 
pressxire ; or, the product of pressure and volume is constant. 
This is known as Boyle’s Law, and may be expressed 



Fio* 4. — Variation of the Volume of a Gae 
with Pressure. The area abed is equal 
to the area a b'e'd\ 


algebraically by the 
equation pu = constant. 

When Boyle’s law is 
represented graphically, 
a rectangular h 3 q)erbola 
(Fig. 4) is obtained. 

Boyle’s inductively 
derived law was estab- 
lished only in the case 
of air and for compara- 
tively small changes of 
pressure, and it was not 
until after the first 
quarter of the nine- 
teenth century that the 
behaviour of other 
gases was investigated 


(by Despretz, Regnault, 
Natterer, Cailletet, and others) and the range of pressure 
increased. 


As a result of the investigations carried out, more 
especially by the French physicist, Emile Hilaire Amagat 
(1840-1915), Professor of Physics in the Catholic University, 
Lyons, between 1869 and 1893, it was found that, although 
for small changes of pressure other gases behave hke air, 
Boyle’s law is not an exact but only an approximate law, 
from which all gases deviate to a greater or less extent when 
the pressure is varied considerably.* If Boyle’s law were 
exact, the product pv for a given mass of a gas at constant 
temperature would be constant, no matter how the pressure 


• Boyle, Defentio contra Linum (1662). See Opera varxa, chap. v. 

* Amagat, Annalta chim. phys.^^ 1881 (y), 353; 1883, 28, 456, 464; 

1893 (vi), 29, 68, 505. Determinations of tho compressibility of gases up to a 
pressure of 15,000 kg. per sq. cm. have been made by P. W. Bridgman, Proc. 
Amer. Acad., 1909, 44, 201. See also Phys. Rev,, 1940 (ii), S7, 342. 
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varied ; but it was found, in the case of all gases except 
hydrogen, that when the pressure was increased, the value 
of the product pv at first decreased, reached a minimum 
value, and then, at higher pressures, increased. In the case 
of hydrogen, even under moderate increases of pressure, no 
initial decrease but only an increase in the value of the 
product pv was observed. That is to say, hydrogen is less 
compressible than it should be according to Boyle’s law. 

In the case of the more readily condensable gases, such as 
carbon dioxide, ethylene, etc., the deviations from Boyle’s 
law are more pronounced than in the case of nitrogen. The 
magnitude of these deviations is shown by the numbers in 
the following table, and the general behaviour is clearly 
indicated by the curves in Figs. 5 and 6, which are due to 
Amagat. 


DEVIATIONS OF GASES FROM BOYLE’S LAW* 


Preagure 
in 1 

Atznospherea. 


Carbon Dioxide 
{<-40®)* 

Hydrogen 

Nitrogen 

Preesore in 
Atmospheres. 

pv. 

1 

60 

100 

200 

300 

400 

600 

800 

1,000 

1-0000 

1-0330 

1-0639 i 

1-1336 

1-2046 

1-2776 

1-4226 

1-S66S 

1-7107 

1-0000 

0-9846 

0- 9846 

1- 0365 
1-1336 
1-2667 

1 -5214 

1- 7959 

2- 0641 

1 

60 

76 

100 

160 i 

200 

400 

800 

1,000 

1 

(1-1465) 

0-8600 

0-6200 

0-3090 

0-3770 

0-4676 

0- 8230 

1- 4790 
1-7800 


inspection of Figs. 6 and 6 it is clear that the 
deviations from Boyle s law shown by nitrogen and carbon 

r “ “o™ «<>“P>^ibIe. ™der moderate 
pressux^, than a so-called perfect gas, become less as the 

temperature the shaUower 
IS the dip m the c^e. Moreover, the pressure at which the 

“„7Tr’ 

1628. 60, 1276; 

Amagat. toe. «*., 1893/ *“<1 Tremeanje. »6«.. 1930. 6B, 1363, 1374 ; 



4 


I 


P otmos. 

Fio. 6. 

T. H. Tremearne to be true in the case of nitrogen. In 
the following table the numbers show the variation of 
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'pv with pressure in the case of hydrogen at a temperature 
of -238*29°. 

COilPRESSIBILITY OF HYDROGEN AT -238-29*’ 


Pressure in 

pu. 

Prepare in 

Atmospheres. 

Atmospheres. 

15-39 

0 0542 

20-90 

17-60 

00401 

29-79 

18-95 

0 0390 

45-50 


■pv. 


0-0402 

00499 

0-0690 


At -182-8° the pw curve still shows a slight dip with 
increase of pressure, but at about - 164° the dip disappears 

and hydrogen begins to behave as a “ more than perfect ” 
gas. 

Summarising, one may say : With increase of pressure 
above that of the atmosphere, all gases are, at a sufficiently 
low temperature, at first more compressible and then less 
compressible than according to Boyle’s law. \\Tien the 
temperature is sufficiently high, aU gases are, it may be 

according to Boyle’s law' 

The deviations from Boyle’s law become less and less as 
the pressure is reduced, and at pressures below 75 mm of 
mercury, changes of volume with pressure are practicaUV in 
accordance with Boyle’s law.^ Boyle’s law. therefore is^ 

oooup.^ a volume equal to that of the mature TOal™ 

part|i tf 

number of molecules of constituent i “ «i is the 

moleoul^ of conetituent 2 i„ the mixt'ure. w^ma; Tls“ writt 

fh=p-^. The fraetiou ^ m caUed the moluv/vuoh-ou 


of couetitueut 1 . Similarly. P,=P^. Thia law 

■90S. - 1901. A. 189. 20e , 180,. a. X98. 417, 

2 A 
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liolds, strictly, only in the case of perfect gases, for in the 
case of actual gases Boyle’s law is not valid. ^ If, for example, 
a given quantity of carbon dioxide under a pressure of 
7 GO mill, is allowed to expand at the ordinary temperature 
to twice its volume, the pressure becomes 381* I mm., not 
380 mm. It follows, therefore, that if one mixes equal 
volumes of, say, hydrogen and carbon dioxide, each under 
atmospheric pressure, so that the volume of the mixture is 
twice that of either gas, the pressure is not equal to 760 mm. 
but equal to 761*1 mm. A similar experiment carried out 
witli helium and the vapour of methyl ether would show an 
increase of pressure of 4*1 mm.* 

The additive rule has been stated more accurately by Bartlett» Cupples and 
Tremeame in the form : At constant temperature, the pressure esert^ by one 
constituent in a gaseous mixture equals the product of its molar fraction and 
the pressure it would exert as a pure gas at a molecular concentration equal 
to the molecular concentration of the mixture. 

On the basis of Daltod's law, one may determine the vapour pressure of a 
volatile liquid or solid by passing an indifferent gas through or over the liquid 
or solid in such a manner that the gas becomes saturated with the vapour. 
If the volume (and therefore the weight) of gas is known and the weight of 
the vapour contained in this volume determined, one can calculate the amount in 
moles (gram*molcculcs) of gas and of vapour. One then has : p^P • (ni /74 + n^), 
where p is the vapour pressure of the volatile liquid or solid, P the total 
(atmospheric) pressure, nj the number of moles of vapour and 74 the number 
of moles of gas. 

Since one of the main difficulties of this method is the accurate determination 
of the volume of indifferent gas, J. N. Pearce and R. D. Snow * produce the 
gas (mixture of hydrogen and oxygen) electrolytically, the amount of electricity 
passed being determined by means of a silver coulommeter (Cbap» XI). For 
every 2 gram 'equivalents of silver deposited, 1*5 moles of gas are produced. 

Gay-Lussac^s Law. — The volume of a gas varies not only 
with the pressure but also with the temperature. It was the 
French physicist, Jacques Alexandre Charles (1746-1823), 
who in 1787 first show’ed * that oxygen, nitrogen, hydrogen, 
carbon dioxide, and atmospheric air expand equally between 
0° and 80® ; and in 1802 Joseph Louis Gay-Lussac 
(1778-1850), at that time a student of engineering at the 
Ecole Nationale des Fonts et Chauss6es, in Paris, not only 
confirmed this Iiitherto unpubhshed observation but deter- 
mined the amount of expansion which takes place. For the 
different gases investigated, therefore, one could state the 


^ For a partial pressure equation, see Leimard* Jones and Cook, Proc, /2oy. 

Sqc., 1927, A, 115. 334. . 

* See aUo Gibby, Tanner and Masson, Ptoc* /?oy. Soc.p 1929, A, 122, 283. 

* J. Phy$. Ckem.. 1927, 81, 231. 

* See Ostwald’s KUusiker^ No. 44 : Dku Axudehnungsgeseiz der Oase. 
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law, Vt = t>o(l + a<), where Vo and Vt represent the volume of 
the gas at 0® and i® respectively. The value of a, the 
coeflScient of expansion, was found by later investigators to 
he or 0*003663, and one can therefore enunciate the law, 
known generaUy as Gay-Lussac’s Law, sometimes also as 
Chables’ Law ; When the 'pressure is kept constant, all gases 
expand or contract by of their volume at 0^ for each rise or 
fall 1® c. If this law were valid to indefinitely low tem- 
peratures the volume of a gas would become zero at - 273°. 
This is, of course, fictitious, as all gases pass into the 
liquid or solid state at temperatures above this ; but the 
law indicates the zero-point of a new and useful scale 
of temperature, the absolute or Kelvin scale. The 
temperature -273®, or, more accurately, -273*16°, is 
kno^ as the absolute zero, and temperatures measured in 
centigrade degrees from this point are spoken of as absolute 
temperatur^. By adopting the absolute scale of temperature, 
Gay-Lussac s law can be expressed in the simpler form : 
At constant pressure the volume of a given mass of gas is 
proportional to the absolute temperature. This law can be 


expressed algebraically in the form ^ = constant, where T is 

the temperature on the absolute or Kelvin scale 

Although deviations from Gay-Lussac’s law are also found 

““y neglected here. ’ 
The General Gas Etnation. — When one combines Boyle’s 

law, j>o = constant, with Gay-Lnssao’s law. inconstant, one 

obtains the expression ^ = constant, or pv=rT, where r is a 
constont. The numerical value of r will of ^ j 

andVolurat‘meas"^ho‘equ'‘r‘" “ 'prS’sme 

co";^tifns”Tp^7r:\T^r^^ ^ volumetr 

equimolecular guantU^ Ir ^“Pe*-ature, one considers 

molecules of diSnt g«e^ Accord® 8^^“' 

Avogadbo the volumf occupied b^i® ^ »*■ 

gM is the same for aU gases unikr^tf^ “ 

of temperature and nresanrA same conditions 

molecule of !SSemntg^ tt,?’“®1"®““y’ f” 1 g«*m- 

umerent gases, the expression pvfT must have 
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the same value. The value is represented by R, and one 
obtains, therefore, the general gas equation. 

pv = RT, 

valid for 1 gram-molecule of any gas. For n gram-molecules, 
pv = nRT. R is known as the gas constant, or the constant 
of the gas equation. 

By means of this general gas equation one can predict the 
behaviour of 1 gram-molecule of a gas under changes of 
temperature and of pressure ; but, since Boyle’s law is only 
approximately true, so also the equation pv = RT can 
represent only approximately the behaviour of an actual 
gas. A gas which would behave exactly in accordance 
with the general gas equation is known as an ideal or 
perfect gas. 

Deviation of Gases from Avogadro’s Law. — Just as Boyle’s 
law is a limiting law, so Avogadro’s law ' must be a limiting 
law, valid only at very low pressures. It follows, therefore, 
that under ordinary conditions the value of R will not be 
exactly the same for all gases ; or, to put it in another way, 
the volume occupied by 1 gram-molecule of a gas at N.T.P. 
will not be exactly the same for all gases. This conclusion 
has been confirmed by accurate determinations of the 
density of different gases, the results of which are shown 
in the following table : — 


1 

Gae. 

Molecular 

Weight 

(3/). 

Density 
(Grama per 
Litre) 

(d). 

Volume of 

1 Gram-molecule 
in Litres i 

{Mid). 1 

Corrected 
Volume 
of 1 Gram, 
molecule. 

Hydrogen . 

2*016 

0-08988 

22-43 ' 

22-410 

Oxygen 

32-00 

1 -42894 

22-39 

22-414 

Nitrogen 

1 28-02 

1-2506 

22-41 

22-413 

Nitric oxide 

30-01 

1-3402 

22-39 

22-420 

Carbon monoxide 

28-00 

1 -2504 

22-40 

22*404 

Nitrous oxide 

44-02 

1-9778 

22-26 

22-420 

Methane 

16-03 

0-7168 

22-30 

22-418 

Ammonia • 

17-03 

0-7710 

22 09 

22-423 


In order, therefore, to obtain the value of the gram- 
molecular volume of an ideal or perfect gas from the values 


I Since the statement put forward by Avogadro as a theorem can be deduced 
from the kinetic theory of gases (p. fi4). and since the number of molecules 
in a gram-molecule can be determined experimentally in a variety of ways and 
with concordant results, that statement may now. quite properly, be caLed 
a law» 
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obtained with an actual gas, the deviation of the gas from 
Boyle’s law must be taken into account. 

If one represents by Po^o product of pressure and 
volume at 0® and under a pressure approaching zero pressure, 
and by the product at 0° and under a pressure of 1 
atmosphere, the variation of the product, pv, with pressure, 
for pressures below 1 atmosphere, 
expression, ; or, since Pi=l, PoVo = 

PiVi(l+a), where a is the coefficient of compressibility of 
the gas. The ratio = +®) measures the deviation 

of a gas from Boyle’s law, and is valid only when the 
pv — p isotherm, for pressures below 1 atmosphere, is linear ; 
and this seems to be the case for most gases within the present 
limits of experimental error.* When the pv — p isotherm 
is not linear, Philippe Auguste Guye (1862-1922), Professor 
of Chemistry in the University of Geneva, suggested ^ that 
the ratio PaVf^jp-p}^ be represented by the factor (1 +A), the 
value of this factor, when p^ approaches zero pressure, being 
obtained by some method of graphical or arithmetical 
extrapolation. The ratio PoVjpjV^ is now frequently repre- 
sented by (1-1- A), even when the pv — p isotherm is linear ; 
but the distinction between a and A should be kept in 
mind. 

Smce the product pv varies with the pressure and attains 
the limiting value PqVq when the pressure approaches zero 
pressure, it follows that the density per unit pressure 
wf also reach a Umiting value, {djp)^, or 

W/(pv)q, as the pressure approaches zero pressure. The 
^iting density of a gas, therefore, will be related to the 
density determined under atmospheric pressure as shown 
by the expression : 


can be represented by the 


^m.-dnorm. (PlVPo*'o) =<^norm./(Po*'o/Pl*'l) + A). 

The gram-molecular volume of an ideal gas under atmos- 
perhenc pressure will be obtained, therefore, by multiplying 
the value of M jd, the gram-molecular volume of an actual 
gas deterged under atmospheric pressure, by the factor 

l : girn'r .rr 

• J. Chim. Phya., 1908 , 6 , 769 . 
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generally accepted value for the gram-molecular volume is 
22*414 litres at N.T.P. 

Since x (1 + A) =22*414 one can calculate the exact 
molecular ■weight of a gas if one determines the density {d) 
of the gas (mass of 1 litre at N.T.P.) and the factor (1 -i-A) 
of the gas. 

Value of the Gas Constant. — ^The value of the constant 
R=pvjT, wlxich is of very great importance in many diverse 
calculations, will depend on the units of volume and pressure 
employed. When the pressure is measured in atmospheres 
and the volume in litres, then, at N.T.P., 

1 V 22*41 4* 

R = — — =0*08205 (or 0*0821) litre-atmospheres/l°, 

^ I o * 1 0 

or 82*1 millilitre-atinospheres/1®. 

If it is desired to express R in absolute units of the 
centimetre-gram-second system, the pressure must be 
expressed in dynes per square centimetre and the volume 
in cubic centimetres. Since the pressure of 1 atmosphere is 
the pressure at 0® c. of a column of mercury 76 cm. in height, 
and since the density of mercury at 0® is 13*596, the pressure 
of 1 atmosphere is equal to 76x 13*596 = 1033*3 g. per 
sq. cm. ; and if this number be multiplied by 980*6, the 
gravitational constant for the latitude of 45®, one obtains the 
value 1,013,250 dynes per sq. cm. The value of R then 
becomes 

n 1013250x22414 ... ___ _ . .^7 ,io 

R= = 83,141,700 or 8*314 x 10^ ergs/l°. 

273*16 ^ ‘ 

Since R represents a product of pressure and volume, it 
has obviously the dimensions of work or energy, and its 
value can therefore be expressed in different energy units. 
Thus, since 1 gram-calorie, or the amount of heat required to 
raise the temperature of 1 g. of water from 15° to 16° o., 
is equal to 4*185 x 10’ ergs, the value of il in heat units is 
therefore 

”= 4-185 = 

or, R is approximately equal to 2 calories per degree. 

Determination of the Approximate Molecular Weight 
from Gas and Vapour Densities. — Since the volume occupied 
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by 1 gram-moleoule of a gas is, when corrected for varying 
compressibility, the same for all gases under the same 
conditions of temperature and pressure, it is clear that the 
volume of a gas depends only on the number of molecules 
present and not on the specific properties of the gas. Such 
a property is called a colligative property, and from all such 
coUigative properties the molecular weight of a substance 
can be determined. 

The volume occupied by 1 gram-molecule of a gas can 
be obtained from the density. When it is desired to deter- 
mine, simply and rapidly, the density of a gas or of the vapour 
of a substance which is a liquid or a soUd at the ordinary 
temperature, and when such determinations are carried out 
for the purpose, not of calculating the exact molecular 
weight but rather of ascertaining which multiple of an 
empirical formula is to be taken as the 
molecular formula, several methods are 
available. 

1. Meihad of Regnaxdt . — When the sub- 
stance is a gas imder ordinary conditions, 
the most convenient and at the same time 
most accurate method (method of Regnault) 
is to weigh the gas in a glass globe of known 
volume. The volume of the globe (Fig. 7) 
is first ascertained by weighing the globe 
empty and then filled with distilled water 
at a known temperature. From the weight 
of the water the volume of the globe can 
be calculated. After the globe has been 
dried it is exhausted and filled with the gas 
under investigation, at a definite temperature and under a 
known pressure, and the weight of the gas ascertained 



aod^if r the globe, the volume of which is v ml., 

glob, 




V X ZT'S X p 


(273+0x760* 


Jh. de^ily of Iho 8.0. or fh. -eight of I ml., io gl,.„ by the ejpmoolon iJI 
Staco 1 gram-moleoule of a gm, n.T.P. oocupie. the volume of 22,414 Z" 

ih. molecular -eight of the gao 1. gi,.„ by the e.pmmloa ^-22414-1^! 

Smce no correction is made for th« t ^ **0 

p. 46), one may use the oxpnmon M ^ Boyla’a law (see 
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2. Method of Dumas . — According to the method intro- 
duced by Jean Baptiste Dumas (1800-84) in 1827, which is 
most suitable for liquids of relatively high boiling-point, 
a small quantity of liquid is introduced into a globe of the 
form shown in Fig. 8. By immersing the globe in a bath of 

oil or other liquid, heated to a suit- 
able temperature, the liquid in the 
globe is caused to boil. The vapour 
of the boiling liquid expels the air, 
and when the vapour ceases to issue 
from the globe the* narrow neck 
of the latter is quickly sealed by 
means of a small blowpipe flame. 
The temperature of the bath and the 
barometric pressure are noted. The 
weight of the globe being known, the weight of the vapour 
contained in it can be ascertained. If the volume of the 
globe is also known (by weighing it full of water), one obtains 
the weight of a known volume of the vapour at the tempera- 
ture of the heating bath and under the known barometric 
pressure. The density of the vapour or the weight of 1 ml. 
under N.T.P. can be readily calculated, and the approximate 
molecular weight is then given, as before, by the expression 
i)/ = 22400rf. 



Fio. s 


3. Method of Victor Meyer . — The method which, on 
account of its simplicitj', is most generally employed for 
the approximate determination of the vapour density of a 
substance is that devised in 1878 by Victor Jleyer ^ (1848- 
97), at that time Professor of Chemistry at the Polytechnic, 
Zurich. In carr\*ing out a determination of the vapour 
density by tliis method, a known amount of the substance, 
contained in a small weighing bottle, is allowed by drawing 
aside the rod d (Fig. 9), to fall to the bo,ttom of the 
vaporisation tube b. This tube is heated by the vapour of a 
liquid boiling in a, to a temperature 20® to 30® above the 
boiling-point of the liquid to be vaporised. The vapour 
produced by the Uquid expels an equal volume of air 
wliich is collected and measured in the graduated tube F. 
The temperature and pressure under which the air is 
collected are noted. The approximate molecular weight of 
the substance can then be calculated. 


^ Ber., 1878, 11, 1867. 2253. For modifications of the Victor Meyer 
apparatus^ see Findlay, Practical Physical Chemistry^ 
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If V is the yolume of sir espelled, measured in ml., t the temperature of 
the air, 6 the barometric pre^ure»/the vapour pressure of water at the tem- 
perature it and W the weight, in grama, 
of the substance taken, then the 
volume of air expelled, reduced to 
N.T.P., will be 


V, 


vx273x(4-/) 
(t + 273) x760 


Vq 15 e^ual to the volume which XV g. 
of the vapour would occupy at 
and the weight of 1 mJ. of the vapour 
will therefore be XV/Vf^. The approxi- 
mate molecular weight of the sub- 
stance in the state of vapour U 
3I = 22400XV/v^. 

The molecular weight may also be 
calculated more directly by making 
use of the general gas equation, 
pv^nRTj whi» may also be written, 

pv-^ RT. Hence, 

JU ^ pv 

When p is expressed in atmospheres, 

and V in millilitres, i^ = 62‘l. 

Bx^mplt . — When 0*215 g. of carbon 

disulphide was vaporised tn a Victor 

Meyer apparatus, 66-7 ml. of air, 

measured over water at 16% were 

ezpelledr The barometric pressure 

was 771 mm. The vapour pressure of 

water at 16^sl3*5 mm. IVom these 

data the approximate moleculAt weight 

is calculated to be : 

,, 0*215 X 82*1 x289 

T g7-6\ ,, 

The Victor Meyer method has been modified and applied 

^®termmation of gas densities at temperatures up to 

JOOO , the substances being vaporised in small electrically 
heated indium vessels ^ ^ 

Hit 

tamed in the tube ilF is adiuaf/^/) n. ^ the level of mercury con- 

’ooe. s». 

1899, SO. SOS. ■ . i„03, 83. 342. 
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of B. As vaporisation takes place tbo pressure in the apparatus increases* and 
the tube M must be raised so as to keep the mercury level always at F. When 
vaporisatioD Is complete and the mercury has become stationary* the difference 
in level of the two mercury surfaces is determined. This gives the increase of 
pressure produced by the vaporisation of a known weight of substance. The 
pressure which would be produced by the vaporisation of 1 gram-molecule of the 
substance can then be calculated by simple proportion. This may be called 
the gram'molecular increase of pressure. One then determines the pressure 



produced in the same apparatus, at the same temperature as before, by a known 
weight of the substance* the molecular weight of which is desired. From the 
value so obtained* one calculates the weight of substance which would be 
required to give the gram -molecular increase of pressure. This weight is the 
gram •molecular weight* 

Abnormal Vapour Densities. — On calculating the molecular 
weight of certain substances, e.g., ammonium chloride, from 
determinations of the vapour density, abnormally low values 
are obtained ; and the value diminishes as the temperature 
is raised until a certain minimum value is reached. These 
abnormally low values do not indicate, as was at first 
thought, a breakdown of the validity of the Avogadro 
theorem, but a breakdown of the molecules of the vaporised 
substance — a dissociation into two or more simpler molecules. 
Thus, ammonium chloride, on being vaporised, dissociates 
into ammonia and hydrogen chloride, and the extent of 
the dissociation increases with rise of temperature. Similarly 
with other substances, e.g., phosphorus pentachloride, 
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nitrogen tetroxide, etc., which give abnormally low values 
of vapour density and molecular weight. These cases will 
be considered more fully in Chapter XII. 

Determination of Exact Molecular and Atomic Weights 
from Gas Densities. — It has already been pointed out that 
Avogadro’s law holds only for an ideal gas, or for an actual 
gas only at low pressures, when Boyle’s law may be regarded 
as valid. The molecular weight of a gas, therefore, calculated 
by means of the expression, x 22-414 (the density 

being expressed as the mass of 1 litre), or of the expression, 

— . RT, can only be approximately correct when the 

density is determined under atmospheric pressure. In 
order to obtain accurate values of molecular weight, account 
must be taken of the compressibility of the gas, or the 
deviation of the gas from Boyle’s law (p. 39). On the 
experimental side, two methods, more especially, have been 
employed to give molecular weight values with a high degree 
of accuracy. According to the method of limiting density, 
elaborated by Guye,i and employed extensively by E. 
Moles * and his collaborators in the University of Madrid, 
the density of the gas is determined ® at successively lower 
and lower pressures, until the curve obtained by plotting 
density/prMsure {djp or Wjpv), against pressure, becomes 
linear. This straight line is then extrapolated to zero 
pr^suxe, at which the simple gas law holds accurately 
and the limiting value, {dfp)^ or Wl{p>v)^ is thus obtained! 
The e^aot molecular weight is given by the expression 

^ ~ ipv)^ M=:(rf/p)Q X 22'414, the density being 

expressed in grams per litre. One may also plot the nu— » 
isotherm and, by extrapolation to zero pressure, obtain 
the value of The exact molecular weight of the 

\ calculated by means of the expression : 
Wd) x(l+ A)^2-414, where d is the mass of 1 litre of 
the gas at N.T.R. and (1 + A) =PoVotPtV,. 

' See also CAem. 5oc ^«n. iieports. 

which precauUons and com«Uons 

^ od“S sSftSeol tbe^£®l adsorption of 

w., 1898, 6?3S- E *^ 1 . (Rayleigh. Pr^ Soy. 

68, 242). ' Morley, Z. phystkal. Chtm.. 1896, 17, 87 ; 1896, 80, 
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Example , — For nitrous oxide (NjO), the following data were obtained 


Pressure io 
Atmospheres. 

Density per Unit 
Pressure. 

Wj>)o- 

1 

1 -98034 


0-667 

1-97459 

1-96309 

0-5 

1-97223 

1-96412 

0*333 

1 -06940 

1-96402 


Mean 

1-96364 


The values of (d/p )0 were obtained by arithmetical extrapolation from each 
value of the pressure. The molecular weight is calculated to be 

i/ « 1 -96364 X 22-414 = 44-013. 

By subtracting the atomic weight of oxygen (16*000)^ the atomic weight of 
nitrogen is found to be 14*007. 

From the values of the density per unit pressure, one can also calculate the 
value of pv at different pressures by dividing the value of the density under 
atmospheric pressure (1-98034) by the values of the density per unit pressure. 
The following values are obtained : — 

p (atm.) . 1 0-667 0*6 0-333 

pv • • 100000 1*00294 1-00416 1-00559 

By extrapolation the value 1-0085 is obtained for Po^o- Hence 
( 1 + X) = 1 *0085, and the molecular weight U given by 

J/ =dx 22-414/(1 +X) »l*98034x 22-414/1 0085 = 44-013. 

Instead of weighing a gas in a globe of known volume, 
Guye and Pintza ^ adsorbed the gas on charcoal cooled in 
liquid air ; and from the increase of weight obtained the 
weight of the gas adsorbed. The volume of gas adsorbed 
was calculated from the fall of pressure in a known volume 
of the gas, at constant temperature, brought about by the 
adsorption. 

Another method of obtaining exact molecular weight 
values, which may be called the method of limiting pressures, 
has been developed to a high degree of accuracy, more 
especially by R. WTiytlaw-Gray and his collaborators at the 
University of Leeds. Gas densities are determined by what 
may be called the buoyancy method, that is, the pressures 
are determined at which gases have the same buoyancy, and 
therefore the same density. Use is made of a microbalance, 
and determinations can be carried out with quite small 
amounts of gas. To eliminate errors due to deviations from 


* Mim, Soe, Phye. Oentva, 1908, 85, 572, 
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Boyle’s law, relative densities at different pressures are 
obtained by varying the balancing point of the beam ; and 
the limiting ratio of pressures is obtained by extrapolation 
to zero pressure. This limiting ratio is equal to the inverse 
ratio of the gas densities or molecular weights, i.e., 

ft = or J/, = J/, X ft. 

The microbala'nce employed by W. Cawood and H. S. 
Patterson ^ consisted of a light transparent quartz rod DC 
(Fig. 11) suspended by the tightly stretched quartz fibres 




Fia. 11. 


AA, which are attached to arms rising from the quartz rod 
frame of the balance B. The buoyancy bulb E is suspended 
by a very thin quartz fibre to the end C of the balance beam. 
To the end D of the beam is fused a quartz plate, to com- 
pensate for gas adsorption on the bulb. The microbalance 
is enclosed in a glass tube connected with a manometer. A 
gas of known molecular weight {e.g., oxygen) is admitted 
into the exhausted balance tube, and the pressure deter- 
mmed at which the balance beam pointer is exactly level 
mth a pointer fused to the framework of the balance. A 
similar determination is then carried out with the gas under 
investigation. 


^£38, A, 236, 77. For a modifioation of the method 
Roberte, Emelins aod Bnacoe, J. Chtm. Soc., 1989, 41. 


see 
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ExampU . — For oxygen and nitrous oxide the following balancing pressures 
were obtained 


po, 


Po, 

PN,0 

mm. 

mm. 


418*612 

303-796 

1-37794 

229*137 

166-430 

1-37680 


From these pressures the limiting Talue of r is calculated to be 

= 1 -37680 - 0-001 14 x 

189-475 

*1 -37680 -000138 
= 1-37642. 

Hence, 3/n,o = 1-37542 x 32-00 = 44-0135 

.<4?, =14-007. 

By the methods described above, molecular weights can 
be determined with great accuracy ; with so great accuracy, 
in fact, that from them atomic weights may be calculated 
with an error no greater, or but little greater, than that 
attaching to gravimetric determinations. In the case of 
the inert gases, which form no compounds, the gas-density 
method is particularly important.^ 

At a later point, another method will be given for the 
calculation of exact molecular weights from the gas density. 

The Kinetic Theory and the Gas Laws. — ^The laws of 
gases discussed in the preceding pages have been obtained 
mainly by the use of inductive reasoning based on experi- 
ment, and by means of these laws the behaviour of a gas 
under given conditions can be predicted. The aim of science, 
however, does not consist merely in the “ ordering of nature ” 
in descriptive laws. The mind is not satisfied solely by a 
knowledge of the relations between facts, it demands also 
an insight into the relations between laws, and in order to 
obtain this it is necessary to add to one’s knowledge of facts 
and laws an idea, an hypothesis regarding the more funda- 
mental nature of things. This hypothesis must be in 
harmony with all the known facts, and it must be such that 
the general laws obtained inductively from experiment follow 
as necessary consequences from the hypothesis. 

* Whytlaw-Gray, Patterson and Cawood, Proc. Roy. Soe.., 1931, A. 134, 7 ; 
Wbytlaw-Gray and Woodhead» J . Chtm. Soc.^ 1933, 846. For a discussion of 
physico-chemical methods of determining molecular and atomic weigbta see 
LtB D^itrmxnaiion4 physi<o^chimiq\itA des P<nds MoUculaires el AtomiqxtcA rfrs 
Oat. Parte, 1938. 
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At one time the hypothesis was put forward that the 
particles of a gas repel one another, and one sought, by means 
of this hypothesis, to account for the phenomenon of the 
diffusion of gases. It was, however, not found possible to 
deduce from this hypothesis the quantitative behaviour 
of a gas. Last century another hypothesis, the kinetic 
hypothesis, which had first been suggested in 1678 by 
Robert Hooke (1635-1703) and adopted in 1738 by Daniel 
Bernoulli (1700-82), Professor of Experimental and Specu- 
lative Philosophy at Basle, was developed and worked out 
more especially by the German physicists, Karl August 
KrOnig (1822-79) and Rudolf Clausius (1822-88) in 1856 
and 1857, and by the Scottish physicist, James Clerk 
Maxwell (1831-79) in I860.* According to this hypothesis, 
matter in the gaseous state is composed of particles — 
the molecules of Avogadro— and these molecules are assumed 


to be in constant motion, moving with great velocity in 
straight lines, colliding with one another and striking against 
the walls of the containing vessel. It is by virtue of this 
motion which, according to the hypothesis, is inherent in the 
molecules, that a gas can diffuse throughout all the space 
which may be offered to it ; and the pressure of a gas is due 
to the incessant bombardment of the walls of the containing 
vessel by the molecules. From this hypothesis it is possible, 
by applying the laws of mechanics, to deduce the various 
gas laws ; and the hypothesis has thus been developed 
mathematically into a theory, the kinetic theory, which 
co-ordinates not only qualitatively but also quantitatively 
the various gas laws, and so enables one to “ explain ” the 
^ behaviour of a gas. 

S On the basis of the kinetic theory, the relation between 
the pressure and volume of a gas can be deduced simply, 
although not with strict accuracy, as follows : Suppose n 
molecules of a gas, each having the mass m, to be enclosed 
m a regular cube the length of the side of which is I cm 
^t the mean velocity of the molecules be c.* ActuaUy, the 

t T but one can resolve these 

J. J. Waterston, a SwtUsh physicist, had already developed the hypothesis 

’"‘“■‘J' ““ kinetio 
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irregular motions into motion in three directions at right 
angles to one another and perpendicular to the faces of the 
cube. That is, the mean velocity c can be resolved into three 
velocities, x, y, and 2 , in directions at right angles to one 
another, the relation between these velocities being given 
by the expression c^ = x'^ + y^ + z^. Consider, now, the motion 
of one molecule in one direction wdth the mean velocity x. 
The momentum of the molecule will be equal to mx, and, if 
perfect elasticity is assumed, the molecule, on striking the 
face of the cube, will rebound with unchanged velocity. 
The effect of one impact on the face of the cube will therefore 
be 2mx. The number of impacts of one molecule on one 

face of the cube per unit of time will be — , and the total 


change of momentum per unit of time will be 2mx x — or 

2X Z 

The total change of momentum per unit of time due to the 
impacts of one molecule on the two opposite walls of the 

cube will be 

Similarly, the total change of momentum per unit of 
time on the other opposing walls of the cube will be 
2mz^ 


S’lid — j — , so that the total effect of the impacts of 
one molecule on all the walls of the cube will be 
(x® + 2 /^ + 2 ^) and the effect of the impacts of n 


I 


I 


molecules will be — - — . This represents the total pressure 

on the whole internal surface of the cube. Since this surface 

is equal to the pressure per unit area will be ; or, 

0Z^ 

Therefore, 


since P = v, the volume of the cube, p = ^ . 

pv = ^mnc^ = I . ^mnc^. 


mnc- 

V 


But \mnc^ is the total kinetic energy of the molecules 
and, consequently, the product pv is equal to two-thirds 
of the total kinetic energy of the gas molecules. Since, 
at constant temperature, the mean kinetic energy 
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is constant, it follows that = constant. This is Boyle’s 
law. 

The kinetic theory, also, gives an interpretation of Gay- 
Lussac’s law and a definition of the temperature of a gas. 
It has just been found that the product jiv is equal to two- 
thirds of the total kinetic energy of the gas molecules ; but, 
for a gram-molecule of a gas, pv = RT, and therefore the 

total kinetic energy is equal to | RT. It follows that the 

increase of pv with the temperature is due to increase of 

the kinetic energy of the gas molecules, and since this is, 

for all gases, proportional to the absolute temperature, the 

rate of increase of the product pv with temperature will be 

the same for all gases, the molecular complexity of which 

does not change with temperature. This is Gay-Lussac’s 
law. 


This discussion also shows that the temperature of a gas 
IS measured by the total kinetic energy of the gas molecules • 
and two gases have the same temperature when the total kinetic 
energy of the molecules is the same. 

From the kmetic hypothesis, further, one can deduce 
the theorem of Avogadro. For any two gases there exist the 
relations PrV^=^. and = ^ When 

the pressur^ and volumes are the same, that is, when 

bases''' hlv« fh Further, when the two 

gases have the same temperature, Tf 

foUow.. therefore, that in volumes IT’S™ gTsS „nd“ 

the same conations of temperature and pressure or 

the number of molecules is the same ^ 

Movement“"ne«mt®^\°‘”® Brownian 

movement.— Despite the success with which the laws of 

actual fact « Do moleculpsr^^i^ • represent 

discontinuous E^n up to ^ ^^Uy 

were some who were disno«!ftH Iwt century there 

in the negative The diWnv ^ answer all these questions 

present cl w hJwev^ the T “^^®®tigations of the 
diaoharge of eTeitrioity th^gfla^ 
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the radioactive elements, to which reference was made in the 
previous chapter, have all contributed towards establishing 
the atomic-molecular hypothesis in a position of unassailable 
strength and have furnished a proof of the discontinuous 
constitution of matter. Most obviously, perhaps, is such 
proof given by the individual flashes of light which are 
produced by the impact of a-particles on a screen of zinc 
sulphide, and which make it possible to count the a-rays 
emitted by a definite amount of radium. 

But even as early as 1827 the molecules had made their 
presence manifest by the effects which they produce. In 
tliat year the Scottish botanist, Robert Brown (1773-1868), 
while examining suspensions of pollen grains under the 
microscope, observed that the particles were never at rest, 
but were in rapid motion, vibrating, rotating, moving irregu- 
larly along a zigzag path, sinking, rising — perpetually in 
motion. In this so-called Brownian movement one sees not 
the molecules themselves but the effect of the incessant 
bombardment of the coarser, visible particles of the suspension 
by the molecules of the liquid. 

Over a lengthened period of time the number of blows 
which a suspended particle, visible to the naked eye, would 
receive from the molecules of the liquid in which it is sus- 
pended would be the same in the different directions. The 
suspended particle, therefore, would show no sign of motion. 
If, however, one imagines the period of time made sufficiently 
short, the number of impacts of the liquid molecules will no 
longer be equal in different directions, and the impacts will 
no longer balance one another ; if the suspended particle 
is made small enough, it will at each blow be caused to move 
first in one direction and then in another, and all the faster 
the smaller the particle. It is this motion of a particle 
under the blows which are rained upon it by the molecules 
of the liquid that constitutes the Brownian movement. The 
suspended particles reveal the invisible molecular motion, 
and in the Brownian movement we see a magnified picture, 
as it were, of molecular motion. If this is so, then the 
molecular magnitudes calculated from the observed behaviour 
of fine suspensions should be the same as those calculated 
according to the molecular-kinetic theoi^. This conclusion 
was tested with great accuracy and in different ways by the 
French physicist Jean Perrin, Professor of Physics at the 
Sorbonne, Paris, and was found to be correct. 
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Molecular Magnitudes. — The 
kinetic theory enables one not only 
to obtain a clearer understanding 
of the behaviour of gases but also 
to calculate various molecular 
magnitudes. / Thus, from the ex- 
pression = one finds that 

the root mean square velocity of 

a molecule c is equal to 

rfit. ^ 

Thus, for 1 ml. of hydrogen at N.T.P. we have 


Odo example mudt suffice. As a result of the combioed actioo of gravity 
and of the kinotic energy of the molecules, the molecules in a long column of gas 
are more crowded together at the bottom of 
the column than at the top, in accordance 
with the law that when the distances from 
the bottom increase in arithmetical progression, 
the concentratioD of the molecules diminishes 
in geometrical progression. If the znicroscapic 
particles in Brownian movement behave like 
the invisible molecules of a gas, then they 
also ought to arrange themselves according 
to the same law. This Perrin found to be 
the case. Thus, at diEerent, equally spaced 
levels of a fine suspension of gamboge in 
water (Fig. 12), the number of particles 
counted were 100, IIG, 146, 170, 200. These 
numbers are in agreement with the geomet- 
rical series, 100 x 1U9^ = 100, 100 x 1*19^ = 119, 

100xM9« = U2, 100 X 1*19’ s 169, 100x1*19^ 

=201. The particles in Brownian movement, 
therefore, behave exactly as the molecules of a 
ns would behave acco^ing to the molecular- 
Emetic theory.^ In a number of other ways 
abo, Perrin showed that the particles of 
a fine suspension in Brownian movement 
behave in exact concordance with the laws 
which have been deduced for the invbible 
molecules s and one cannot hesitate to believe 
that in the Brownian movement there Is made 
manifest something of the commotion which is 

C on in that world of molec^es — now no 
r hypothetical — which is beyond the reach 
of direct observation. 



12«— Dbtribution of 
small Particles in a 
SospensioD. 


/a X 1013260 


00008988 ”■ per seo., 

by A. Weetgreo (Z. phytikdl. C7A«jv^l9i4j89/ carried ou( 
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or nearly 09 miles per min. This is the mean velocity of the 
hydrogen molecule at N.T.P. 

s In the case or any other gas, since — ; = — = density, 

' volume V 


= \/— , Therefore, the root mexxn square velocity of a gas 
a 


molecule is inversely proportional to the square root of the 
density. I This is in harmony with Graham’s law of diffusion 
of which states that the velocity of diffusion is inversely 

proportional to the square root of the density of the gas. 
The same law holds for the rate of effusion or passage of a 
gas through a fine opening. 

The fact that gas molecules move with such very high 
velocities might lead one to expect that gases would diffuse 
throughout even a large space almost instantaneously ; and, 
that they do not so diffuse is due to the fact that the distance 
over which any single molecule moves before colliding with 
and being deflected by another molecule is exceedingly 
minute. This mean free path, as it is called, can be calculated 
on the basis of the kinetic theory from determinations of the 
viscosity of a gas, and some of the values so obtained, at 
N.T.P. , are given in the following table ^ : — 


Argon . 
Carbon dioxide 
Chlorine 
Helium • 
Hydrogen 


Mean Free 


Mean Free 

Path in cm. 


Path in cm. 

X 10® 


X 10®. 

6*30 

Neon 

121 

3*94 

Nitrogen 

. 6*95 

2-75 

Nitrous oxide 

. 3-94 

180 

Oxygen 

6*43 

11-2 

Xenon • 

. 3-49 


From measurements of the viscosity of a gas, also, the 
magnitude of the molecular diameter can be calculated. 
This varies only slightly for different gases, as the following 
numbers show * : — 

Diameter of 
Molecule* 

Argon . . • ♦ 2*94xl0-® cm. 

Hydrogen . • • « 2*40 x 10”^ »» 

Oxygen , . . . 2*97 x 10“® 

Nitrogen . . 3*18 x 10“® »• 

Carbon dioxide . 3*44x10”® », 


On the basis of the kinetic theory, further, it has been 
found possible to calculate the actual number of molecules i^ 

* See A. E. ScbuU, Phil. Mag.. 1939 (vu), 28, 679. 
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gas^ That this equation reflects more nearly the behaviour 
of a gas is shown by the numbers in the following table, 
which apply to ethylene at 20“ (a=0'00786 ; 6=0-0024) : — 


Pre65uro in 
Atmospheres. 

1000 pv 

Pressure in 
Atmospheres. 

1000 pv 

Observed. 

Calculated. 

Observed. 

1 

Calculated. 

31-6 

914 

895 

133-3 

520 

520 

45-8 

781 

782 

233-6 

807 

805 

84-2 

399 

392 

329-1 

1067 

1067 

110-5 

454 

456 

398-7 

1248 

1254 


The Speciflc Heats of Gases.' — ^The speciflc heat is the 
ratio of the amount of heat taken up by a substance to 
the rise of temperature produced. Usually it is defined as the 
amount of heat in calories required to raise the temperature 
of 1 g. of a substance by 1“ c., 1 calorie being the amount 
of heat required to raise the temperature of 1 g. of water 
from 16° to 16“ o. 

Owing to the fact that when a gas expands against an 
external pressure, work is thereby done, it follows that the 
specific heat of a gas at constant pressure will be greater 
than the specific heat at constant volume by an amount 
equivalent to the work done on expansion. That is to say, 

Cp=c, + work done on expansion =c, -Vj). 

In these expressions, Cp and c* are the specific heats at 
constant pressure and constant volume respectively ; p is the 
pressure and (tJ 2 — Vj) the increase of volume which takes 
place when the gas expands. 

“I'^tiplies the value of the specific heat (per gram) 
by the molecular weight of the substance, the product is 
known as the molecular heat, and is represented by and C 
r^p^ively. For a gram-molecule of a gas, the expansion 
which takes place when the temperature is raised from 0“ to 1“ 

^ 273»16* therefore the work done on expansion against 
atmospheric pressure is 


p(Vi-Vi) = 


1013250 X 22414 
273-16 


= 8-314 X 10’ ergs = l-9866 cal. 


From this, then, it follows, Gp=0,-f- 1-987 calories. 

‘ See Partington and ShaUing, Tht Specific Beat of Otuec. 
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The specific heat at constant pressure can be determined, 
by the method of Regnault, by passing a known amount of 
gas heated to a constant temperature through a tube 
immersed in a calorimeter containing water at a lower 
temperature From the rise of temperature produced, the 
amount of heat given out by the known amount of gas can 
be calculated in accordance with the ordinary methods of 
calorimetry. In this way one obtains tlie mean specific 
heat between the temperatures and 

By a modification of this method.* it is possible to determine the Irut specific 
heat, dQ/A^, at the temperature t. Gas, heated to a definite temperature t, is 
passed through a tube immersed in a bath at a temperature t + A«. To main- 
tain the temperature of the bath constant, heat is added by means of an electric 
heater. From the known amount of electrical energy supplied to the heater 
and the amount of gas passed through the tube in the bath, the true molecular 

heat at constant pressure is given by the expression = where //s:the 

energy supplied to the heater and n = tho number of gram^molccules of gas 
passed through the calorimeter. The beat energy supplied by the heater is 
given by /*i?/4*185 cah per sec. where I is the current in amperes and i? is 
the resistance of the beater in ohms. 

The specific heat at constant pressure can also be determined by passing a 
known amount of gas, heated to a temperature over an electric heater, so that 
its temperature is raised to i + A/. From the amount of electrical energy supplied 
and the rise of temperature produced in a known amount of gas, the specific 
heat can bo calculated.^ 

One of the first to carry out successful determinations of 
the specific heat at constant volume was John Joly (1857- 
1933), Professor of Geology, Trinity College, Dublin, who 
made use of the differential steam calorimeter.® 

Two hollow copper spheres A and C, about 7 cm. in diameter, attached to 
the scale-pans of a balance, were suspended in a steam chamber B (Pig. 13). 
Each sphere was provided with a small cup e, to catch the condensed steam. 
Tho sphere A was empty and the sphere C was filled with a gas at known 
temperature and pressure. When equipoise had been attained, steam was 
admitted into the chamber B and condensed on the two spheres. Owing to 
tho presence of gas in C, more steam was condensed on this sphere than on A, 
the excess being determined by the weights which bad to be placed on the 
scalO'pan of the balance in order to restore equilibrium. From the amount of 
excess steam condensed, the specific heat of the gas could be calculated. 

The values obtained by this method represent the mean 
specific heats at constant volume. 

The true specific heats at constant volume have been 

* E. D. McCollum, J. Amer. Ghent. Soc., 1927, 49, 28. 

•See Scheol and Heuse, Ann. Phyaik, 1912, (iv). 37, 79; 1913, 40, 473; 
Heuse, ibid., 1919, 59, 8G. 

» Proc. Hoy. Soc., 1889, A. 45, 33; 1891, A. 48, 440; PhU. Trana.. 1892, 
A, 182, 73 : 1805, A. 185, 943. 961. 
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determined by adding a known amount of heat (by means 
of an electrically heated plati- 
num wire or otherwise) to an 
insulated mass of gas and de- 
termining the increase of pres- 
sure produced.* The specific 
heat of gases at high tempera- 
tures has also been determined 
by mixing the gas with an 
explosive mixture{e.^. hydrogen 
and oxygen), and determining 
the rise of temperature which is 
produced by the heat of reaction. 

This will evidently depend on 
the specific heat of the gas. 

As experiment has shown, 
the specific heat at constant 
volume is independent of the 
temperature in the case of 
monatomic gases, but increases 
with the temperature in the 
case of polyatomic gases. 

The molecular heat of hy- 
drogen at -238* is 2-98; at 
- 173®, 3*42 ; and at 0®, 4*86. 

It may be concluded, there- 
fore, that at low temperatures 

monSS'^c approaches that of a 



^oly*8 Differen feift) 

St^m CalorizQ6tor. 


MOLECULAR HEATS OF GASES AT CONSTANT VOLUME 


Molecular Heat at 



0*. 

100*. 

600*. 

2000* 

Wn ■ 

Nitrogen, 0*ygen\ 
Carbon monoxide/ 
Hydrogen 

Carbon dioxide 

• 

• ^ 

• • 

• 

• 

2-98 

4-97 

4-86 

6*70 

2-98 

4-99 

4-92 

7-14 

2-98 

6-13 

6-20 

8-69 

3-0 

6-66 

6-26 

11-62 


and Bertram, Z. phuribal. Ohem.. 1836, B, S’JJl ’ Eueken 

3 
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From the point of view of the kinetic theory the heat 
which is taken up by a gas may serve (I) to increase the 
kinetic energy of translational motion of the molecules ; 

(2) to increase the rotational velocity of the molecules • 

(3) to increase the motion of the atoms within the molecule’ 
In the case of monatomic gases it can be assumed that if the 
gases are perfect, all the heat taken up is converted into 
kinetic energy of translational motion. On this assumption 
the molecular heat at constant volume can be calculated. 


For 1 gram-molecule, as has been pointed out, E=-RT, 
wliere E is the total kinetic energy. At any two tempera- 
tures, T'j and the total kinetic energies will be Ej^ = -R2' 

and E^=^RT^. Consequently, When the 

temperature difference is equal to 1°, that is, when the heat 
added to the gas suffices to raise its temperature by 1°, then 
the energy difference, wliich is equal to the heat added to 

the gas, is equal to : that is, = =2*980 cal. This, 

then, is theoretically the minimum value for C„, and this 
is the value which has been obtained experimentally for 
argon and other monatomic gases. 

It may be noted here that a single atom has three degrees 
of freedom, corresponding to motion along three axes, and 
since, according to Maxwell’s 'principle of equipartition of 
energy, each degree of freedom entails an equal increase of 
energy, the energy for each degree of freedom amounts to 
0*993 calorie, or approximately 1 calorie. 

Further, foran ideal monatomic gas, Cp =0*, -h 1*987 =4*967 
calories, and, consequently, the ratio ^ = 1*667. This 

Of) 

ratio is generally represented by the Greek letter gamma (y). 
It can be argued, therefore, that in the case of mercury, 
argon, etc., for which the ratio of specific heats is 1*66, 
we are dealing with monatomic gases ; and it was &om 
the value of the ratio of specific heats that Ramsay and 
Travers inferred that argon, helium, etc., are monatomic. 

As the molecule of a gas becomes more and more complex, 
more and more of the heat taken up may go to increasing 
the rotational and intramolecular motion.^, and the specific 
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lieats will therefore have higher values. Thus, neglecting 
intramolecular motion, a diatomic molecule has not only 
three degrees of freedom of translational motion but also two 
degrees of freedom of rotational motion, and the minimum 
value of the specific heat will be 2-980 + 1'987 =4-967 
calories, which is in agreement with the experimental numbers 
shown in the table on p. 65. But the higher the values of 
the specific heats, the lower will be the value of the ratio, and 
so it is found, as theory predicts, that the ratio of specific 
heats decreases as the molecules become more complex. 
For diatomic gases the maximum value of the ratio will be 

7 8 

about - = l-4 ; for triatomic gases, about - = 1-33 ; but, the 

greater the amount of heat used up in increasing intra- 
molecular motion, the larger will be the specific heats and 
the smaller will be the ratio. These points are illustrated 
by the numbers in the following table : — 


RATIO OF SPECIFIC HEATS OF GASES 


Helium 

y. 

1-63 

Oxygen 

y. 

1-40 

Ozone 

y* 

» 1 29 

Argon . 

1-67 

Kitrogen 

1-40 

Carbon dioxide 

. 1-30 

Mercury vapour . 

1-67 

Hydrogen , 

1-41 

Nitrous oxide 

. 1*30 

Potaasiuzn vapour . 

1-69 

Carbon monoxide . 

1-40 

Ammonia . 

. 1*31 

Sodium vapour 

1-68 

Hydrogen chloride 
Chlorine 

1-41 

1-36 

Ethylene 

Ether 

. 1-26 
. 1-08 


Experimental Determination oi the Ratio of Specific 
Heats. ^Th© ratio of the specific heats at constant pressure 
and volume can not only be calculated from a knowledge of 
the mdividual values, but can also be determined experi- 
mentaUy by various methods, of which the simplest is 

^ ^ length, into 

bi^n^n^ igoited silica, etc.) has 

been mtroduced. is closed at either end by means of metal 

Aat stopper- 

ft L miHHl ^ or metal rod, firmly clamped 

a cloth 

coated with ream or moistened with alcohol, the rod is made 

» Ann. Physik, 1866, 127. 497. 
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to vibrate, and the vibrations set up waves in the gas con- 
tained in the tube and cause the light powder, which had 
previously been made to form a thin layer along the tube, to 
arrange itself in regular, striated heaps. (The rod passing 
througli tlie stopper B is adjusted so as to give the best 



results.) The distance between the corresponding points of 
two neighbouring heaps is equal to half a wave-length. By 
means of the side tubes C and D the tube T can be filled 
with different gases. 

The velocity of sound in a gas is given by the expression 

c = / — 1 where y=^. If A is the wave-length of the 

sound waves and n the frequency, then nA = c. The value 
of n for any given rod can be found by carrj'ing out an 
experiment with air. Since the velocity of sound in air is 
known (340 metres per sec.), and A can be measured by means 

of the dust heaps, n=-r can be calculated. If the tube be 

filled with a gas other than air, and A be determined, we have 


A2 



/ yi^2 

V 


and if the value of (say, for air) is known, the value of yj 
can be calculated. 

Kundt’s dust-figure method was improved by Behn and 
Geiger,^ who replaced the vibrating rod by a tube A in which 
the gas under investigation was sealed up along with a light 
powder. The tube was clamped at its middle point and one 
end was inserted in the end of an open tube B containing air, 
in which also there was a layer of light powder (Fig. 15). 
When the closed tube was caused to vibrate, the powder 
arranged itself in striated heaps in both tubes. To secure 
the proper formation of the dust figures in the closed tube, 

^ Verb. deuUch phyaikal. GtstU.^ 1907, 9» 057. 
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the ends of the latter were weighted witli metal discs in 
order to bring its vibration frequency into harmony with 
the wave-length of the vibrations in the tube. Tlie 
wave-length of the sound waves in air and in tlie enclosed 
gas could then be directly compared. 



FiQ. 15. 


The ratio of specific heats may also be determined with 
an accuracy of about O-l per cent., by measuring, by means of 
a thermocouple or otherwise, the fall of temperature which 
takes place when a gas under pressure is allowed to expand 
adiabatically against the pressure of the atmosphere.' 
The method requires a considerable volume of gas (say, 
60 litres), and is a variant of the method originally proposed 
by Clement and D^sormes.* The ratio of specific heats is 
given by the expression 


or y = ‘°8 (p,/p,) 

^2 \Pa/ log WPsl-log (rj/Tg)' 


dJ?' Y‘- 1012, 13, 383. See also O. Lummer and 

E. Pringsheun, Ann, Phynh, 1808 (Ui), 64, 6S5. 

Rflohardt. Phy»ikal. 


CHAPTER III 


LIQUEFACTION OF GASES AND CRITICAL 

PHENOMENA 

In the gaseous state the molecules of matter are relatively 
far apart and in perpetual rapid motion, and tliis motion 
is sufficient to overcome the attractive forces which exist 
between the molecules. These, therefore, lead an existence 
of practically complete independence. As the temperature 
of a gas is lowered, the kinetic energy of the molecules may 
be reduced to such an extent that the more sluggish molecules 
(for all do not move with the same velocity) are no longer 
able to overcome the force of mutual attraction or cohesion. 
They cohere to one another, therefore, and a liquid is formed. 
This process of condensation or liquefaction will be helped 
by an increase of pressure (or diminution of volume of 
the gas) as well as by reduction of the temperature. The 
conditions of temperature and pressure necessary to bring 
about liquefaction vary greatly for different gases, for while 
sulphur dioxide can be liquefied, under atmospheric pressure, 
at a temperature of -8®, carbon dioxide must be cooled 
to below -78-2®, and oxygen to below -182-5°. Since 
however, pressure assists condensation, sulphur dioxide can 
be liquefied even at 20° if the pressure is increased to 3-24 
atmospheres. 

Liquefaction of Gases. — While the attempts of the earliest 
workers — of whom the most important was Michael Faraday 
(1791-1867), of the Royal Institution, London — to liquefy 
gases were crowned with a large measure of success, a 
certain number of gases, e.g., hydrogen, oxygen, mtrogen, 
methane, proved refractory. All attempts to obtain these 
substances in the liquid state having proved unsuccessful, 
even when the pressure was raised to 2790 atmospheres, 
the gases were regarded as being non-liquefiable and were 

* Natt^rer. Anru Fhysik, 1855, 94* 436. 
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therefore spoken of as ■permanent gases. In 1869, however, 
the reason for the failure to liquefy these gases became clear 
when, as will be discussed more fully presently, Thomas 
Andrews, (1813-85) Professor of Chemistry in Belfast, 
showed that for each gas there exists a temperature, the 
critical temperature, above which the gas cannot be liquefied 
no matter how great may be the pressure. 

After the conditions necessary for the liquefaction of 
gases had been established, Raoul Pierre Pictet (1842- 
1929), in Geneva, and Louis Paul Cailletet (1832-1913), 
Ironmaster at Chatillon-sur-Seine, succeeded in liquefying a 
number of the so-called permanent gases, the former by 
cooling the gas, under pressure, by means of liquid carbon 
dioxide boiling under reduced pressure, and the latter by 
rapidly reducing the pressure and so allowing the compressed 
gas to expand adiabatically. In the latter case the gas, on 
expanding against the pressure, does a certain amount of 
work, and the heat corresponding to the work is taken from 
the gas itself. The temperature of the gas, therefore, falls, 
and may reach the point of liquefaction. This principle of 
adiabatic expansion is employed in the Claude process for 
the liquefaction of air on an industrial scale. 

The change of temperature produced by the adiabatic 
expansion or compression of a gas is given, for an ideal gas, 


T 


S' 


> - 


T 

= where 


by the expressions =— and 

\o%) \pj 

y is the ratio of the specific heats at constant pressure and 
instant volume. From these expressions one can calculate 
that when air (y==1.41) at 0« C. is aUowed to expand adia- 
batically against the pressure of the atmosphere to twice its 
volume (»! — 1 ; ^8 = 2), the temperature falls to -67'6° C 
Or, agam, when air at 0* and under a pressure of 10 atmospheres 
IS allowed to expand adiabatically to a pressure of 1 
atmosphere, the temperature falls to - 133*2° 

^ compressed adiabaticaUy. its temperature 


WiUiam Thomson (Lord 
Kelvm) (1824-1907), Professor of Natural Philosophy in the 

an James Ptescott Joule (1818-89), 

an English brewer, that when compressed air, and certain 
other gases, at temperatures between 0® and 100“ are 
aUowed to expand through a porous plug or valve! the 
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temperature falls : but that in the case of hydrogen a rise 
of temperature takes place. This heat effect on expansion 
is known as the J oule-Thomson effect, and it was later shown 
that there is, for each gas, a certain temperature at which the 
sign of the heat effect undergoes change. This temperature 
is known as the temperature of inversion of the J oule-Thomson 
effect. When, therefore, a compressed gas is allowed to 
expand at a temperature below the temperature of inversion 
of the Joule-Thomson effect, cooling takes place ; and the 
degree of cooling is all the greater the lower the initial 
temperature of the compressed gas.* For air (under a pressure 
of 200 atmospheres) the temperature of inversion of the 
Joule-Thomson effect is 240° ; for hydrogen it is — 79°, 
and for helium, — 173°. 

In 1895, C. von Linde, in Germany, and W. Hampson, in 
England, patented apparatus in which the Joule-Thomson 
effect is applied to the liquefaction of air and other gases. 
In these apparatus the compressed gas is allowed to expand 
at a nozzle and the cooled gas is caused to pass around the 
tube by which the compressed gas reaches tlie nozzle (Fig. 16). 
The incoming gas is thus progressively cooled, and at length 
a temperature is reached such that when the gas expands the 
ensuing fall of temperature is so great that the gas is hquefied. 
By this method even hydrogen and helium have been obtained 
in tlie liquid state. 

The Joule-Thomson effect is due to the fact that gases 
do not obey Boyle’s law and Joule’s law. For moderate 
increase of pressure at the ordinary temperature, most gases, 
we have seen, are more compressible than according to 
Boyle’s law ; that is, the value of the product at the higher 
pressure is less than its value at the lower pressure, owing to 
the attraction between the molecules. When, therefore, 
expansion takes place, work has to be done against the 
attraction of the molecules, and the heat corresponding to 
this work is taken from the gas itself : its temperature, 
therefore, falls. In the case of hydrogen at the ordinary 
temperature, however, the product pv has a greater value 
at a higher pressure than it has at a lower. When, therefore. 


* In the case of air. the cooling (Af) on expansion is given by the expression 

X * where ^ is the fall of temperature in degrees centigrade, Ap 

the difference of pressure in atmospheres, and T the absolute temperature of 
the gas before expansion. Calculation shows that if T = 2SS^ and 
atmospheres (expansion from *200 atmospheres to 1 atmosphere), A<=44*7 . 
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PiQ. 16.— HampaoB Apparatus for Liquefying Air. 



A, tube by which air encera ; 
t. exi^naion vaJve; D. central „ 
expansion valve; G. whio 

amount of liquid air i“G . J i gauge to indicate 

•>- “ rTwh«iVof;,;^“g 
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the comjiresscd gas is allowed to expand there is a decrease 
in the value of py, as if work were done on the gas, and this 
work shows itself in a rise of temperature. The Joule- 
Thomson effect also is due to tlie fact that real gases do not 
ohej’^ Joule’s law which states that the total internal energy 
of a given mass of a perfect gas at constant temperature is 
independent of the volume. In an actual gas, on expanding 
internal work is done in overcoming the cohesion between 
the molecules. 

Critical Phenomena. — “ On partially liquefj'ing carbonic 
acid by pressure alone, and gradually raising at the same 
time the temperature to 88** Fahr., the surface of demarcation 
between the liquid and gas became laihterj^ lost its^.cimcalaixer' 
and at l ast disappeared . The space was then occupied by a 
homogeneous fluid, which exhibited, when the pressure was 
suddenly diminished, or the temperature slightly lowered, a 
jieculiar appearance of moving or flickering strise throughout 
its entire mass. At temperatures above 88® no apparent 
liquefaction of carbonic acid, or separation into two distinct 
forms of matter, could be effected, even when a pressure of 
300 or 400 atmospheres was applied. Nitrous oxide gave 
analogous results.” So wrote Thomas Andrews in 1863.^ 

The occurrence of a critical temperature at which liquid 
and vapour become identical was established by Andrews in 
the course of his study of the pressure-volume relations of 
carbon dioxide at different temperatures. ^ The behaviour 
will best be understood with the help of the diagram 
(Fig. 17), in which pressure is plotted against volume. 

When one considers the isothermal curve for 13*1®, it is 
seen that as the pressure increases the volume of the gas 
diminishes, until, at a certain pressure (49*8 atmospheres), 
liquefaction takes place (point B). On diminishing still 
further the volume of the gas (vapour), the pressure remains 
constant, until the whole of the vapour has been condensed 
to liquid (point C). Thereafter, the liquid being only slightly 
compressible, a great increase of pressure is required to 
effect even a slight diminution of volume. The pressure- 
volume curve, therefore, rises almost vertically. At higher 

* Published in MilJer’a Chemical Pkyaics, 3rd Edition, p. 328. The 
phenomenon referred to here had been observed as early as 1822 by Cagn»rd 
do la Tour. For a discussion of the critical state see Chem. Rev., 1938, 
23 1 

’» 'phil. Trane., 1869. 169, 676; 1876, 166, 421. See also Ostwald’a 

Klas$iker^ No. 132. 
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temperatures, e.g., 21*1°, a similar behaviour is found, but 
as the temperature is raised, the pressure at which liquefaction 
takes place becomes higher and the length of the horizontal 
portion of the isotherm becomes shorter and shorter until, 
at a certain temperature, it dwindles to a point. The iso- 
thermal curve then becomes continuous. This is shown by 
the isotherm for 31*1®. At this temperature, although a 
flattening of the curve is shown, there is no horizontal portion 



V 

Fio, 17. 


and no abrupt change from the gaseous to the Uquid state. 
At temperatures above 3M® the flattening of the curve 

ked and, at 48®. is no longer observable, 
them ^ was thus able to show that for carbon dioxide 

temperature, which he called the 
temperature, below which the gas can be liquefied by increase 

no^.Zr’h^"‘ liquefeotion cannot take plao^ 

behave in a eimidnan^n ' 

pJttv!*'”" “ deflnod ... b«„g , g„ b,w iu oriti»l tom. 
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At the critical temperature the vapour pressure of the 
liquid must have a definite value, and this is known as the 
critical pressure ; at this temperature, also, the substance 
must have a definite density {critical density), the reciprocal 
of which is called the critical volume. 

Determination of the Critical Constants. — The critical 
temperature of a substance which is liquid imder ordinary 
conditions can be most easily determined by seahng up a 
quantity of the liquid in a strong glass tube from which all 
air must be removed. The tube is then heated in a suitable 
oven, the temperature of which can be slowly raised. As 
the temperature of the critical point is approached, the 
liquid meniscus becomes billowy and indistinct, and then 
suddenly disappears altogether when the critical temperature 
is reached. On cooling through the critical temperature, 
formation of a mist and a liquid meniscus is observed.^ 
In the case of a gas the substance may be compressed in a 
capillary glass tube until liquid is formed. The tube is then 
heated until the meniscus disappears, the pressure being 
increased during the process so as to keep the meniscus in a 
fixed position. 

For the determination of the critical pressure, the method 
due to Michael Altschul ® may be employed. The substance 
(liquid) is contained in a strong glass tube d, the lower 
end of wliich is closed by a movable thread of mercury e, 
and the tube is connected with a pressure pump A (Fig. 18). 
The upper end of the tube is heated to above the critical 

temperature, the pressure 
being at the same time 
increased so as to main- 
tain the liquid in the 
tube. The lower end of 
the tube is kept at the 
ordinary temperature (that 
is, below the critical tem- 
perature), and, therefore, 
at some intermediate point 



the temperature must be the critical temperature. At that 
point a meniscus will be formed, and the critical pressure 


• For accurate determinations, the relative volumes of liquid and vapour 
in the tube must be adjusted, and the liquid must be stirred- See F. B. Young, 
rhil. Mag., 1910 (vi). 20, 793. 

* Z. phyaikal. Chem., 1893. 11. 577. 
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will be produced. This pressure can be read off on the 
manometer attached to the pump. 

The critical volume is usually determined indirectly by 
making use of the law of rectilineal diameters discovered by 
Cailletet and Emile Mathias,' Professor of Physics in the 
University of Clermont, France. If in a system of rectangular 
co-ordinates the density of the liquid and of the vapour is 
plotted against the temperature, a curve is obtained of the 
form shown in Fig. 19. This curve, which applies to 



n-pentane,2 shows clearly that as the temperature rises the 
density of the saturated vapour increases and the density 
ot the hquid decreases, the density of Uquid and vapour 
becoming Identical at the critical point. If, also, one plots the 
means of the dei^ities of the liquid and vapour, Cailletet and 
Mathias found that these values lie on a straight line CD 

which pass^ through the critical point. This is the law of 
reclutneal dtameiers. ^ 

In order to determine the critical density or critical 

one determines the density 
of the bquxd and of the saturated vapour at a series of 

one plots these values against temperature in rectangular 


1 vf^’ *202 ; 1887. 104, 1663. 

• u. ’ 291. 

W06n Ul6 AM Ai. . 


• a w, zyi, 

density may point, the line of mean 
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co-ordinates. The corresponding values of density are 
joined by straiglit lines ; these lines are bisected, and, 
ihrongli the points of bisection, a line is drawn until it 



cuts tlie perpendicular < 26 , drawn from the critical tem- 
perature (Fig. 20). The point of intersection c gives the 
value of the critical density, and the reciprocal of this is 
the critical volume. 

The following table gives the critical constants ^ of a 
number of substances : — 

CRITICAL CONSTANTS 



Critical 

Temperature 

Critical 
Pressure in 
Atmospheres 

Critical 
Volume per 

G ra m • m 0 lecule 
(ml.) V,. 

RT, 

Pev: 

Helium 

6-2* 

2-26 

Gl-65 

3-08 

Hydrogen 

33-2^ 

12-8 

69-68 

3-06 

Nitrogen 

1200^ 

33-6 

90-0 

3-43 

Argon 

150*7® 

48-0 

77-07 

3-36 

Oxygen 

154*3® 

49-7 

74-4 

3-42 

Carbon dioxide 

304-2® 

72-8 

94-2 

3-64 

Nitrous oxide 

3119® 

77-6 

96-9 

3-41 

Ethyl ether . 

407-0® 

35-5 

282-0 

3-82 

n-Pentane . 

470-3® 

1 33-0 

310-2 

3-76 

Methyl alcohol 

613-1® 

78-6 

117-7 

4-66 

Benzene 

601-0® 

47-9 

266-4 

3-76 

Acetic acid • 

604-7® 

67-1 

171-2 

4-99 

Water • 

047-3® 

218-5 

66-4 

4-39 


’ For the prediction of critical constants, see Meissner and Redding, J . Ind. 
Eng. Chem., 1942, 34. 621. 
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Continuity of the Liquid and Gaseous States. — Although 
one is accustomed to think of the liquid and gaseous states 
as being sharply distinguished one from the other, a con- 
sideration of the critical phenomena which have just been 
discussed will show convincingly that one is scarcely justified 
in so thinking, A liquid and its vapour when heated together 
approach continuously to each other in their properties and 
become identical in all respects at the critical point : there 
is no abrupt change of properties. Moreover, as a study of 
Fig, 17 will make clear, one can pass continuously from the 
liquid to the gaseous, and from the gaseous to the liquid 
state without there being at any time a discontinuity in 
the properties of a substance, and without there being 
any separation into two phases or distinct forms of 
matter. 


When the ends of the horizontal portions of the isotherms 
are joined together, a so-called “ border curve ” is obtained, 
shown in Fig. 17 by a dotted line. At the summit of this 
curve lies the critical point K, and within this curve lie all 
the values of pressure, volume, and temperature at which 
liquid and vapour can coexist ; outside this curve only 
homogeneous systems, liquid or vapour alone, can exist. 
Suppose, then, that carbon dioxide gas, under atmospheric 
pressure, is heated to a temperature above the critical 
temperature, say to 48®, and that it is then subjected to a 
pressure greater than the critical pressure, say, to 100 atmos- 
pheres, the system will change in volume, as shown by the 
isotherm for 48®. If the temperature be now lowered to 
13-1 , while the pressure is maintained at 100 atmospheres, 
a pomt on the curve CD wiU be reached, a curve which applies 
to IxqyM carbon dioxide. At no point in the process is there 
any abrupt change of state ; the change from gas to liquid 
is contmuous. SimUarly, one may start with Uquid carbon 
^oxide u^nder the conditions represented, say, by the point 
. 11 the pressure on the liquid is increased, say, to 100 

atmospheres and the temperature raised to 48®, the condition 
of the system will be represented by a point on that isotherm ; 

pressure to that of the atmosphere and 
thR temperature to fall to 13-1®, we shaU have 

carbon dioxide as a gas, and at no time during the whole 
process will any discontmuity of properties be observed or 

vapour. The passage from 
the liquid to the gaseous state is continuous. 
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The van der Waals* Equation and the Critical State. — 
The equation put forward by van der Waals for the relation 
between the pressure and volume of a gas is also of great 
value in the study of critical phenomena and the passage 
from the gaseous to the liquid state. When the van der 
Waals’ equation is multiplied out and arranged in powers 
of V, it takes the form 




6 + 


P ) 


2 a CLh _ 

* + -V = 0. 


P P 


This is a cubic equation and, as such, may have only one 
real root, or one value of v which, at a given temperature and 



Vo/ume 
Fjo. 21. 

pressure, will satisfy the equation ; or it may have three real 
roots, or three values of w at a given temperature and pressure. 
The behaviour predicted by the equation will best be under- 
stood from the graphic representation (Fig. 21). 

If for constant values of a and b one inserts varying 
values of T, the relation between pressure and volume at 
different temperatures is given ; and on plotting these values, 
one obtains a series of isotherms, such as are shown in Fig. 21. 
At higher temperatures, e.gr., 48°, the curve clearly indicates 
that at any given pressure the volume has a single definite 
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value. This corresponds to the ca«e where the equation 
has only one real root. At lower temperatures, however, 
sinuous curves, such as abcdefg, are obtained, showing that 
at a given pressure, represented by the line bf, there may be 
three values for v, represented by the points 6, d, and /. 
These represent the three real unequal roots of the cubic 
equation. Only two of these values, however, are experi- 
mentally realisable, namely, 6 and /. 

When a gas, having the volume g, is compressed at a 
temperature below the critical point, liquefaction normally 
takes place at a certain pressure, represented by the point/; 
and the pressure then remains constant until the gas is 
completely liquefied at the point 6. The experimental 
curve, therefore, differs from the theoretical curve in being 
discontinuous, and the vapour-pressure line bf cuts the 
theoretical curve in such a way that the areas of the loops 
bed and def are equal. Although the portion of the curve 
ede, which indicates a concurrent increase of pressure and 
volume, is not experimentally realisable,^ parts of the 
curves be and fe can sometimes be realised. 

Normally, when the pressure on a liquid is lowered to 
that corresponding to the point b, or the vapour pressure 
of the liquid at the given temperature, vapour formation 
will take place ; but under special conditions the formation 
of vapour may remain suspended and the pressure on the 
liquid may be lowered to below that corresponding to the 
point 6 without vapour being formed. The Liquid will then 
be in a condition corresponding to a point on the curve 6c. 
Thus, although the vapour pressure of methyl formate, at 
80®, is 350 cm. of mercury, it has been found possible, by 
using a very clean tube and pure methyl formate free from 
dissolved air, to lower the pressure on the liquid to 80 cm. 
without vapour formation taking place. Further, when a 
clean barometer tube has been filled with and inverted over 
mercury, the mercury may remain filling the whole tube 
mstead of falling to the height representing the atmospheric 
pressure. The mercury is then under a negative pressure, and 
IS in a condition represented by a point on the curve be. 

Similarly, the formation of liquid from vapour may remain 
suspended, and so a portion of the curve /c may be realised. 


emphaaisod that the van der Woals* e^iuation is empirical. 

reason why the pv curve should follow the course 


t 
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Thus it has been found that when wat-er vapour has been 
very carefvilly freed from dust particles or other condensation 
nticlei its temperature may be lowered considerably below 
the point of condensation before liquefaction takes place. 

As the temperature is raised, the loops on the sinuous 
curves become smaller and smaller, and the values for the 
volume of liquid and of gas approach each other until, at a 
certain temperature, the loops shrink to a point and the 
three values of v become identical. This temperature is the 
critical temijerature, and the volume of the gas at this 
temperature is the critical volume Vg. At the critical point, 
then, the three roots of the van der Waals’ equation become 
identical and equal to Vg ; and since this is the value of the 
three roots of the van der Waals’ equation at the critical 
point, (v-Vc)^ = 0, or - 3VcV^ + 3ve^v - = 0. 

This equation must be identical with the van der Waals’ 
equation when the temperature is equal to the critical 
temperature and the pressure is equal to the critical pressure. 
We have, therefore. 


r" - 3v,v^ + 3v,h; - - ( b V* + — v - — , 

\ Pc J Pc Pc 

where pt and represent critical pressure and critical 
temperature (absolute). On equating the coefficients of the 
equal powers of v in the two equations, one obtains the 
important relations, 



RT^ 

Pc 


3Vc ^=: — and 
Pc 


ab 

Pc 


From these equations one can deduce the values of the 
critical constants in terms of the constants a and b of the 

van der Waals’ equation. Thus, since Vc^ = — and 3Ve^— — 

Pc Pc 

it follows that 



Similarly, for the critical pressure, one finds 


and for the critical temperature. 



8a 

27M' 
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Since the values of a and b in the van der Waals’ equation 
can be deduced from measurements on compressed gases, it 
is clear that such measurements can also be employed for tl»e 
purpose of calculating the critical constants 

If, in the above expressions, v is the votnme in litres of 
1 mole, and if p is expressed in atmospheres, then a will be 
expressed in atm.xlit.^ b in litres, and R in litre-atmos- 
pheres (0-08205). Vf is then the volume in litres of 1 mole 
at the critical point. If the volume is expressed in millilitres, 
a will be expressed in atm. x ml.* and b in millilitres. The 
new value of a will therefore be 10® times and that of 6 10* 
times greater than when the volume is expressed in litres. 
R, similarly, will be 10* times greater (82-05). Sometimes, 
however, v is expressed as a fraction of the volume at N.T.P., 
and, in this case, u* is the volume at the critical point of 
that amount of gas which at N.T.P. would have unit volume. 
In other words, Vg is the ratio of the volume of a gas at the 
critical point to that which it W'ould have at N.T.P. Repre- 
senting the constants expressed in the former units by a, b, 
and R, and the constants expressed in the latter (or Amagat) 
units by a', b', and R\ one has the relations o' =ajv,^, 
and R' =.RjVn, where t»„ is the volume of 1 gram- 
molecule at N.T.P. (22-414 1. or 22,414 ml.). Moreover, 
if the volume is put equal to unity when the pressure is 
1 atmosphere, the van der Waals’ equation takes the form, 

(l-j-a')(l -6') = i?' X 273-16, and = 

273-16 

Exam^.—Gnen that the van der Waals’ consUnta for 1 gram-molecule of 
carbon dioxide aro a*3-G09xl0* and 6=42-76 (volume in millUitros and 


♦i.. relfHon between the constants of the van der Waals’ equation and 
If! ‘**** “n also be obtamed m onother way. Since the^tical point 

*?!.“*.* ***? ® 21) on the Uothermal 

the curve at thU point must bo horizontal and 
parallel to the vdume axis. That is to say, the 6r»t differential of the equation 

of state, p*=j — be equal to zero; or, , 2o 

av*j7’~(F,-6)»";/”°- dividing the third equaUon by the second, one 

I . . - 

-^1 or. v,=s36. On inaerting this value in the second equation 

fiy. 


( 


obtains 


one obtains = : and hence, from the first equaUon. = ~ 
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pressure in atmospheres), calculate the values of the critical pressure and critical 
temperature. 


a 3-609 X 10* 

= 2^ = *= '3-2 atmospheres. 


27 X (42-75) 


8x3-609xl0« _ 

‘~2-Rb~2- x82-l x42-75“^®^'' 


K. 


Not only can one calculate the values of the critical 
constants from the constants of the van der Waals’ equation, 
but one can, conversely, calculate the constants of the van 
der \^'aa]s* equation from the experimentally determined 
values of the critical constants. From the relations expressed 
above, one deduces 


a 


64p, 


and 6 = 


R7\ 


Example . — The critical temperature and critical pressure (millilitres, gram, 
molecule, atmospheres) of chlorine are 419-0® K. and 93-6 atmospheres respec- 
tively. Calculate the values of the constants o and 6. 


21R^T* _ 21 x82 05« x419» 
04pc " 64 x 93*0 



82-05 X 419 
8 X 93*5 


s45-96. 


= 5*33 X 10*. 


The values of the van der Waals’ constants, in millilitre- 
atmosphere units per gram-molecule, for a number of gases, 
are given in the following table : — 


Gaa. 1 

1 

a. 

6 . 

Gas 

a. 

6 . 

Cl. 

COj . 

H, 

5*33 X 10* 
3*61 xlO* 
0-244 X 10* 

46-9G 

42-75 

26-53 

He . 

O. . 

SO, . 

0-033 X 10* 
1*36 xlO* 
6-69 X 10* 

23*42 

31-87 

5G-5 


Although the van der Waals’ equation, as we have seen, 
represents fairly closely the behaviour of a gas even under 
high pressures at temperatures above the critical point, it 
does not accurately represent the transition from the gaseous 
to the liquid state, as is shown by the fact that the values of 
the critical constants calculated from the values of a and 6 
of the van der Waals’ equation are only approximately in 
agreement with the values determined experimentally. A 
similar lack of strict agreement is shown when one calculates 

the value of the ratio — where V , is the volume in milU- 

PcVe 

litres of 1 gram-molecule of the substance at the critical 
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point. If the van der Waals’ equation represented accurately 

the transition from the gaseous to the liquid state, the 

L. ij u *1 1 «x8ax2762 8 _ __ 

' should have the value = -=2*6/. 


ratio 


p^Ve 27i?6x36xa 

As the numbers given in the last column of the table on p. 78 
show, however, the actual value of the ratio ^ is distinctly 
higher than 2'67. In the case of non-associated substances 
to which alone van der Waals’ equation applies, the value of 
the ratio varies from about 3*3 to 3-8 ; but in the case of 
associated substances, e.g., methjd alcohol, water, acetic acid, 
the value is much higher. 


Since the equation of van der Waab does not accurately express the 
pressure- volume retaiions of a gas below its ciitical temperature or correctly 
represent the transition from the gaseous to the liquid state, various attempts 
have been made to modify the van der Waab’ equally so as to bring it into 
closer agreement with the actual behaviour of gases. CTbe most successful of 
these attempts was made in 1890 by Conrad Dieterici,^ Professor of Physics, 

a 

University of Kiel, who suggested the expression p. c^'fiT(v~b)=RT, In this 
expression, aba constant depending on the mutual attraction of the molecules, 
and e b the base of the natural logarithms. Under certain but not under all 
conditions, the Dieterici equation of state b rather more satisfactory than 
that of van der Waab. The value of the expression RTJp^V. given by the 
Dieterici equation b 3*695. 

An interesting equation of state has abo been put forward by James A. 
Beattie and Oscar C. Bridgeman.’ 


The Reduced Equation of State. — In the neighbourhood 
of the critical point all gases give an isotherm of the same 
type ; but, since the values of the van der Waals’ constants 
a and b are different for different gases, the isotherms do not 
coincide. These individual differences, however, disappear 
if the gases are studied, not under the same conditions of 
temperature and pressure but at temperatures and under 
pressures which are the same fraction of the critical tempera- 
tures and pressures. Thus, if p„ and represent the 
ratios pIpc, vjve, and TIT^, the so-called reduced pressure 
volume and temperature, and if these reduced values are 
substituted for p v, and T in the van der Waals’ equation, 
one obtains the expression 




sralu volume U expressed in mUlUitres. R 1ms the 

35, *2^"- IfOl (iv). 5. 61 ; lD03.ia, 144; 1911. 

•J. Amer. Chem. Soc., 1027, 49 . 1665; 1928, 60 , 3133, 3151. 
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Further, if for v^, and one substitutes their values 
in a, b, and R already found, there is obtained the equation 



This reduces to 


a 



r 


SaRTr 
21Rb * 



1) = 8T,. 


An expression has thus been obtained which does not 
involve the factors a and b or the values of the critical 
constants, and which does not depend, therefore, on the 
nature of the substance. It should apply, therefore, to all 
substances in the liquid or gaseous state. From this ex- 
pression one deduces that if two substances have the same 
reduced temperature and pressure they will also have the 
same reduced volume. Under such conditions the sub- 
stances are said to be in corresponding states, and the 
generalisation just stated is sometimes known as the law of 
corresponditig states. The degree of accuracy of this law is 
illustrated by the numbers in the following table ; — 


SUBSTANCES IN CORRESPONDING STATES 
Pr=0-08840 r,=0-73 -0-74 




Liquid. 

Vapour. 

Bonzeno 


0-4065 

28-3 

Iso«pentane 

4 

0*4085 

27-7 

^t•PeDtane • 


0-4061 

28-4 

Hexane . 


0-4055 

29-1 

Fluorobenzono . 

♦ 

0-4067 

28-4 

Ether 


0-4030 

28-3 

Methyl formate . 

♦ 

0-4001 

29-3 


Although, as is clear from the preceding table, the law of 
corresponding states holds only approximately, it is, neverthe- 
less, very useful as giving a means for the approximate 
calculation of the specific volume of a liquid. One example 
of its application may be given. 
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The apecific volume of ethyl ether at 10^ o* is 1 *3794. What is the specific 
volume at 33 ? 

Since the critical temperature of ether is 4C6-8* K, the reduced temperatures 
correapondiDg to the given temperatures are— 

(T^), = 2837466-8^ =06063. 

{Tr)t = 306'8/466-8^ =0*0572 


Taking, now, fluoro benzene, the critical temperature of which ia 560^ r, 
as comparison liquid, one calculates the absolute temperatures corresponding 
to the reduced temperatures and (Tr)* fo be 560^x0*6063 = 339*5® K, 

and 560® x0'6o72 =368*1® k, respectively. At these two temperatures the 
specific volumes of fiuorobenzene are 1*0339 and 1*0741. The relative increase 
of volume is (1*0741 —1*03391/1*0339 =0*0389. For ether, according to the 
law of corresponding states, the relative increase of volume will be the same, 
so that the specific volume of ether at 33*8® will be 1*3794 x 1*0389 = 1*4331. 
The experimentally determined volume is 1*4351. 


From what has been said it will be readily understood 
that when the physical properties of liquids, which may 
undergo change with pressure and temperature, are to be 
studied, the comparison should be made when the liquids 
are in corresponding states. In practice tliis means that the 
properties of the liquids should be determined when the 
liquids are at the same reduced temperature, because, as a 
rule, pressure has only a slight influence on the properties of 
liquids. Since it has been found that, for different liquids, 
the boiling-point in degrees absolute and under a pressure of 
76 cm. of mercury is approximately two-thirds of the critical 
temperature, it follows that liquids at their boiling-points 
under atmospheric pressure are approximately in corre- 
sponding states. In studying, therefore, the relation between 
the physical properties of substances and the chemical 
constitution, which is one of the important tasks of the 
physical chemist, the physical properties should be deter- 
mined at the boiling-point of the substances or at some other 
corresponding temperature, the same for all. 

BMthelot’s Equation and the Calculation of Molecular 
Weights of Gases.— The relation between the critical constants 
and the quantities a and 6 of the van der Waals’ equation was 

(1865-1927), Professor of 
^ ® Paris, for the purpose of 

Sub'Ltituti^g'^ for th^ 
numencal coefficients of the van der Waak’ finnaf,«r. 

raeffioients which corresponded to experimcntel results 
-R = -g- • instead of i? =? . , Berthelot derived 
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the expression 


■pv 


= RT 


1 + 


128 


V. T\ 



This equation can be used to extrapolate the value of 
volume or density to low pressures, and was used by Guye 
for the calculation of exact molecular weights (p. 51). 
Thus the true molecular weight of a gas is given by the 
expression 



mRT 

pv 




9 

128 


. P . £f/ 
Pc Ty 



where 31 is the true molecular weight, m is the mass of the 
substance, R is the gas constant, p and p^ are the corrected 
barometric pressure and the critical pressure, T and Tg are 
the temperature of the experiment and the critical tempera- 
ture of the substance respectively on the absolute scale. 
For m/v one may also write d, the density at N.T.P. 

The equation is of the form : 


d.RT 


mRT,. . . 

M=: ( 1 - 1 - A®) or, 

pv 


M = ( 1 + Ap), where d is the density (g./l.) under pressure 

p and A is a constant. Exact molecular weight values may 
therefore be calculated from determinations of the density 
at the temperature T and at two different pressures. From 
the above equation one learns that when the temperature 

is such that = 31 = That is, the gas, even 

pv • 


although not perfect, obeys Boyle’s law. This temperature 
is known as the Boyle point. 



CHAPTER IV 


LIQUIDS AND THEIR PROPERTIES 

A. Vaporisation and Vapour Pressure 

Liquids differ from gases in that they do not fill completely 
the whole space which may be offered to them ; they possess 
no definite form, but, owing to cohesion, they have a definite 
volume. The compressibility of liquids, which is small, 
and their e^ansion with temperature depend on the nature 
of the liquid. The volume of liquid is, therefore, not a 
colhgative property. 

^though, in the case of liquids, no such simple relations 
obtam as in the case of gases, the subject of the molecular 
weights of substances in the liquid state will be briefly 
reviewed, after the physical properties on which much of 
our knowledge of the molecular weights of Uquids chiefly 
depends, have been studied. ^ ^ 

of laquids.— Until a few years ago the liquid 
oonsidered to be simUar to the gaseous state, 

P^'king of the molecules, the 
necessarily greater than for gases. 

Ta^'r®'' th- “ - - disordemd o“Sm 

J W persisted 

I ’■®8arded the molecules as being completely 

Eiii* =T “ 

89 
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liquids formed by a number of compounds with long-chain 
molecules {e.g., p-azoxyanisole). Although X-ray examina- 
tion has shown that no space-lattice in the ordinary sense of 
the term exists, some kind of asymmetry must be present 
as these liquids are anisotropic and show the property of 
doxible refraction (see Chap. VI). 

Although “ ideal liquids,” or assemblages of closely 
packed spheres, oscillating over a certain range, do exist 
(in the case of fused metals, for example), evidence of the 
existence of a structure in some liquids, at least, apart from 
those just referred to, is given by the diffraction of X-rays, 
the study of which has so greatly advanced our knowledge 
of the crystalline state (Chap. VT.).* It has been shown, 
in fact, that there is a general similarity between the X-ray 
patterns for liquids and those of the corresponding solids ; 
and so there has gradually grown up the view that there is a 
tendency for a liquid to imitate the solid in general atomic 
or molecular arrangement. The diffraction of X-rays has 
shown that water, for example, has a marked structure, 
based on a tetrahedral arrangement of the molecules. In 
ice, the tetrahedra are arranged in a fairly open structure, 
like the tetrahedra of tridymite, one of the crystalline forms 
of silica. When ice melts, however, there is a partial change- 
over to the more compact arrangement shown by quartz, 
and the relative amount of the “ quartz ” structure increases 
to a maximum as the temperature is raised to 4®. As the 
temperature is raised above 4®, there is a progressive break- 
down of the “ crystalline ” structure wth an increasing 
randomness in the distribution of the molecules. Above 
150° the random distribution is complete and the 
molecular arrangement approximates to that of an “ ideal ” 
liquid. 

It seems clear, therefore, that in some liquids, at least, 
the molecules are arranged ■with some degree of orderliness ; 
and such packing of the molecules in ordered array, and the 
formation of poljTnerised or associated molecules have an 
influence, as we shall learn, on the physical properties of 
liquids, such as viscosity, heat of vaporisation, etc.* 

Vaporisation and Vapour Pressure. — Although the mole- 
cules of a liquid, as a whole, are unable to overcome the force 


» Sec J. T. Randall, The DiJJrnclion of X-rays and Electrons by Amorphoas 

Solids, Liquids, and Oases {Chapman and Hall). 

a See 7’ra7U>. Faraday Soc., 1937. 33, 2 : Hildebrand. Science. 1939, 90. I. 
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of cohesion, yet the molecules are not all moving with the 
same velocity, and it may happen that some, having a liigher 
velocity than the average, are able to tear themselves away 
from the general mass and escape into 
space, where they move about freely as 
the molecules of a gas or vapoair. The 
liquid evaporates. 

If the liquid is placed in a closed 
vessel so that the escaping molecules 
cannot pass away into unlimited space, 
it is found that a pressure is produced, as 
can readily be shown by breaking a bulb 
of ether in a closed bottle fitted with a 
manometer or pres.sure gauge (Fig. 22). 

The pressure thus produced, however, 
does not go on increasing indefinitely. 

As more and more vapour is produced, F10.22.— Vapour Pres- 
some of the molecules wiU strike the surface sure of Lwjuida. 

of the liquid and be recaptured ; and 
the number of such molecules will increase as tlie piessure 
or concentration of the vapour molecules increases. As more 
and more vapour is formed, therefore, a point will at length 





“oleoules recaptured by the 
quid. A state of equilibrium wiU thereby be attained, and 
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the pressure of tlie vapour in this state of equilibrium is 
known as the vapour pressure of the liquid. The vapour 
pressure, or pressure of the saturated vapour as it is sometiine.s 
called, increases with the temperature, but has, at each 
temperature, a definite value. 

Although, at any given temperature, the vapour pressure 
of different liquids may differ greatly — some liquids being, 
as it is said, more volatile than others — yet, when one plots 
tlie values of the vapour pressure against the temperature, it 
is found that the curve so obtained has the same form for all 
liquids, and is convex to the temperature axis. This is illus- 
trated by the curves shown in Fig. 23, which have been 
obtained by plotting the vapour pressures of ethyl alcohol 
and of water given in the following table : — 


VAPOUR PRESSURE OF ETHYL ALCOHOL AND OF WATER 


Temperature. 

Vapour Pressure in 
Alillimetres of 
Mercury. 

Temperature. 

Vapour Pressure in 
Millimetres of 
Mercury. 

Alcohol. 

Water. 

Alooho). 

Water. 


12-7 ! 

4*58 

0 

Q 

133*4 

551 

10® 

241 

9-21 

60“ 

350-2 ! 

140-2 



17-5 

80“ 


355-1 

30“ 

78-4 ^ 

31-7 

100“ 

4 9 

760 0 


When the temperature is raised the vapour pressure 
increases, and when the pressure of the vapour becomes equal 
to the atmospheric pressure or to the external pressure on the 
liquid, bubbles of vapour are formed within the liquid and 
the liquid is then said to boil. The boiling-point of a liquid 
is therefore the temperature at which the vapour pressure 
of the liquid becomes equal to the external pressure on the 
liquid. If the external pressure is increased, the boiling- 
point is raised ; and if the external pressure is diminished, 
the boiling-point is lowered. A liquid will boil at a lower 
temperature on the top of a mountain than it will on 
the seashore.* For this reason, substances which undergo 
decomposition at a temperature below the boiling-point 

^ The boiling-point of water falls by o. for a rise of 295 metres (or about 
960 ft.)- 
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under atmospheric pressure can frequently be distilled at a 
lower temperature, without decomposition, by carrying out 
the distillation under reduced pressure. This fact is widely 
taken advantage of for the purification of substances both in 
industry and in the scientific laboratory. 

Determination of the Vapour Pressure of a Liquid. — For 
the determination of the vapour pressure various methods, 
both static and dynamic, may be employed. 



Fio. 24. 


1. DyTuxmxc Methods.— the first to determine the 
vapour pressure of liquids with accuracy by a dynamic 

William Ramsay and Sydney Young Ml 857- 
1UJ7) a diagram of whose apparatus is shown in Fis 24 * 

anTa^ff*® this method, one maintains a constant pressure 

" •'-h the Uquid boils 
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A quantity of t!ie pure liquid is placed in C and the 
pressure within the apparatus is reduced by means of an 
exhaust pump to a definite vahie, say 30 mm. of mercury. 
Liquid is allowed to flow slowly from tlie funnel so as 
tlioroughly to moisten the cotton-wool surrounding the bulb 
of tlie thermometer T. As evaporation takes place, the 
temperature recorded by the thermometer T will alter and 
will reach a steady value, if the pre.ssure in the apparatus is 
kept constant. This temperatiire is the boiling-point of the 
liquid under the pressure within the apparatus ; or, in other 
word.s, the pressure shown by the manometer represents the 
vapour pressure of the liquid at the temperature recorded by 
the thermometer T. The pressure within the apparatus is 
then altered by allowing air to enter through the tap G, and 
the boiling-point under the new pressure determined. In 
this way the vapour pressure at a series of different 
temperatures can readily be determined. 

The boiling-point method introduced by Alexander Smith 
(1805-1922), Professor of Chemistry, Columbia University, 
and Alan \V. C. IMenzies,^ of Princeton University, is 
somewhat simpler than that of Ramsay and Young, and 
requires the use of only a small quantity of liquid. 

I'he liquid under investigation is placed in a small bulb- 
tube A (Fig. 25), which is then attached by thread to the 
thermometer T. Tube B is nearly filled with a liquid of 
considerably higher boiling-point than that under investiga- 
tion. Tube B is connected by means of C with a manometer 
and pressure-regulating bottle, as sbowm in Fig. 24. The 
temperature of the liquid in B is regulated by means of the 
bath D. 

To carry out a determination, the tube B is heated to a 
constant temperature, say 15®, and the pressure in the 
apparatus is tlien reduced. As the pressure falls, air escapes 
from the bulb-tube A. Later, the liquid in A begins to boil, 
and a stream of bubbles escapes from the capillary of A. 
Air is now allowed to enter slowly through a very fine capillary 
H (Fig. 24), until the liquid in A just ceases to boil. At 
this point the temperature on the thermometer T and the 
pressure are read. Similar determinations are then carried 
out at higher temperatxires. 

Reference has already been made (p. 93) to the transpira- 
tion method of determining vapour pressures by bubbling 

^ J. Amer. Chem» Soc., 1910 » 32 » 897 , 907 . 
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an indifferent gas through a liquid. This method has been 
widely used for the determination of the vapour pressure of 
solutions. 

2. Static Meikod . — The vapour pressure may also be 
determined by means of the isoteniscope. This instrument, 
which we owe to Smith and jNIenzies,^ has the form shown 
in Fig. 26. The liquid under investigation is introduced into 
the isoteniscope in such amount that the bulb is about half 
full, and the liqiiid stands about half-way up the limbs of 
the U-tube. The apparatus is placed in a suitable heating 



Fio. 25. 



I-IQ. 2«i. 


can™e ‘*“Pe™ture 

constants. For manv to™!. ’ 7., ^ '“•® 

^ogp^A-BIT the simpler formula 

SP ^ JiH the theoretical basis of which will become 

J. Amtr. Chtm. Soc,, 1010, 82, 1412. 
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clear later, may be used. On plotting log p against the 
reciprocal of the absolute temperature, a nearly straight 


T00° 80® 60° 40° 30° 20° 10° 



Fio. 'll. 


line is obtained (Fig. 27). This is useful for reading off 
intermediate values of the vapour pressure. 


On comparing the vapour.pressuro curves of different liquids, it was found 
by Ramsay and Young * that, for closely related substances. e.g., the esters of 

T 

fatty acids^ the ratio of the absolute tomperaturca of the boilmg-point 

^ 8 

under two different pressures, the same in all cases, is constant. The numbers 
in the following table illustrate this relation 


Substance. 1 

760 mm. 

1 

7*. 

200 mm. 

r.- 

Methyl formate 



1-116 

Methyl acetate 



1-116 

Methyl propionate 


316-7° 

1-114 

1 

Ethyl formate 

327 4^ 

293-1° 

M17 

Ethyl acetate 

350 1*" 

314-4° 

1-114 

Ethyl propionate . 

371-3^ 

333-7° 

1-113 

Ethyl butyrate 

392-9® 

362-2° 

M16 


In the case of substances not closely related, it is found that 




+c(r^'- 




^ PhU. Mag., 1885 (▼), 20, 516 ; 1886, 21, 33 ; 22, 37. 
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where and T^' are the absolute temperatures corresponding to two 
diflerent values oi the vapour pressure of substance a, and and T^' are 
the absolute temperatures at which substance 6 has the same two values of 
the vapour pressure ; c is a constant. 

These relations are of much value as giving a means of obtaining, with a 
fair degree of accuracy, the vapour- pressure cur\'e of a liquid from determina- 
tions of the vapour pressure at two temperatures and a knowledge of the vapour, 
pressure curve of a comparison liquid. ^ 


Latent Heat of Vaporisation.— When a liquid is boiling 
freely, its temperature remains constant no matter how much 
heat is added to the liquid ; and since the added heat brings 
about no rise of temperature, it is said to become latent 
The amount of heat required to convert 1 g. of substance 
from liquid to vapour, without producing an alteration of 
temperature, is called the latent heat of vaporisaticm This 
latent heat is the equivalent of the work done (1) in increasine 
the volume against the constant e.xtemal pressure and (21 iS 
overcommg the mutual attraction of the molecules In the 
case of associated liquids, the latent heat of vaporisation will 

and dissociation of the complex molecules, 

and will therefore have a higher value than in the case of 
non -associated liquids. 

Conversely wh^en vapour condenses to liquid, an amount 
of h^t equal to the heat of vaporisation is given out 

When a liquid evaporates spontaneously, the heat of 

K”.:: 

Shr.tToduo“ed brth‘‘ 

of water the temperature f ™Poration 

that the water freezes rThL • ^ an extent 

causing water in ^ demonstrated by 

been obtained by the natives ^fx r? fact, ice has 

shallow pans, embedded in straw te * exposing water in 
On a cl^r riight, eva^ratfo^ I^ 

the water freezes. Ti^ lowering of rapidly that 

by the evaporation of volatile lioniHa produced 

dioxide, is made use of ?n 1. • ^ ’ ^-^monia, sulphur 

basis of the Wtio theo^ explicable on the 

moleo^^es which overoourc'^ho mu 
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into free gas moJecuIes are those which possess a relatively 
large amount of energy. The average kinetic energy of the 
remaining molecules, therefore, will be decreased, and the 
temperature, which is measured the kinetic energy’-, vnll 
fall. 

The latent heat of evaporation of water (or the heat of 
condensation of steam with reversed sign), which is of so 
great importance ii\ cormection with the use of the steam 
engine and with tlie transport of heat b 3 ’- means of steam, 
was first determined in 1764 hy Joseph Black (1728-99), 

in the University of Glasgow, who 
passed steam at a kno^\'n temperature into water contained 
in a calorimeter. From the rise of temperature produced in 
a knovTi weight of water b^’ a known amount of steam 

the latent heat of vaporisation could be 
calculated. For water, the latent heat of 
vaporisation at 100° is 539-55 calories per 
gram. 

The latent heat of vaporisation may 
also be determined b^' adding a known 
amount of heat to a liquid and ascertaining 
how much of the liquid is thereby vaporised. 
The apparatus used b^* James Campbell 
Brown (1843-1910), Professor of Chemistry 
in the University’ of Liverpool, is very 
convenient for this purj)ose.^ 

The liquid under investigation is placed 
in a tube of thin glass P (Fig. 28), into which 
a spiral of platinum wire is sealed. This tube 
is then placed in the neck of the flask C so 
that the ends of the platinum wire dip into 
mercury contained in the side tubes aO. A 
cap s is placed over the neck of the flask, and 
a glass cover G fitted over all. The flask C 
also contains a quantity of the liquid under 
investigation. When the liquid in C is boiled, 
the vapour surrounds the tube P, passes 
out through the orifice h, and then through the exit tube 
to a condenser. By’ this means the liquid in P is heated 
to its boiling-point. \\’ires connected with a battery and 
an ammeter are inserted into the mercury’ in the tubes ah, 

‘ J. Chem. Soc., 1903, 83. 987. See also Mathews, J. Atner. Chem. Soc., 
1926. 48. 662. 



Fuj. 28 . 

(Courtesy of Cheiiiiaii 
Society.) 
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and a current of electricity passed through the platinum 
spiral. The liquid in P is thus caused to vaporise, and at 
the end of the experiment the loss of weight can be deter- 
mined. The amount of heat required to effect the vaporisa- 
tion of the known amount of liquid can be calculated from 
the amount of electrical energy passed through the platinum 
spiral, and this, in turn, is obtained from the current passed 
and the fall of potential in the platinum spiral. If E is the 
fall of potential in the spiral, I the strength of current in 
amperes, and t the time in seconds during which the current 
passes, the electrical energy is given by / x JP x ^ or, l^Rt volt- 
coulombs, where R is the resistance of the spiral in ohms. 
From this, since 1 volt-coulomb =0-239 calorie, the amount 
of heat passed through the liquid can be calculated. 


Bxamj^.—h current of 0*615 amp. waa passed for 20 mins, tlirough a 
platinum spiral iramersod in ether at its boUing-point. The fall of potential 
in the epiral was 3*38 Tolts, and 7*03 g. of ether were eraporatod. From these 
data the latent heat of vaporisation per gram of ether U calculated to be 


0*615 X 3*38 X 1200 x 0*239 
703 


= 84-80 cal. 


The latent heat of vaporisation, it is found, varies not only 
from substance to substance but also with the temperature 
at which vaporisation takes place. As a rule, the latent heat 
of vaporisation decreases with rise of temperature, and at the 
critical temperature it is zero. 


Vapour-pressure Curve and Heat of Vaporisation. 

According to the theorem of Le Chatelibr, when heat is 
added to a system in equilibrium a change takes place, if 
possible, which is accompanied by absorption of heat. 
Consequently, when heat is added to a liquid in equilibrium 
with its vapour, more vapour will be produced (because this 
IS a change accompanied by absorption of heat), or the 
vapour pressure will be increased. The increase of vapour 
pressure with rise of temperature can in this way be predicted • 
but the prediction is only a quaUtative one. The course 
ol the vapour-pressure curve, however, can be predicted 
quantitatively by means of the thermodjmamio relationship 
between the change of vapour pressure and the heat of 

vaporisation, expressed in what is known as the Clausius- 
Glapeyron eguation, 

I 



dp _ 
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where I is the latent heat of vaporisation, expressed in appro- 
priate units, and Vj and are the volumes of 1 g. of the 
substance in the liquid and vapour states respectively. 
Tlie ratio dpjdT represents the rate of change of the pressure 
with the temperature at the absolute temperature T, or the 
ratio of the very small change of vapour pressure to the 
corresponding very small change of temperature. If one 
neglects the volume of the liquid in comparison with the 
volume of the vapour, and refers all quantities to 1 gram- 
molecule of the substance, one obtains the expression 

dp L 
dT T.F’ 

where L is the latent heat of vaporisation per gram-molecule 
(equal to the latent heat of vaporisation I, multiplied by the 
molecular weight of the substance) and V is the volume of 
1 gram-molecule of the vapour. If it be assumed that the 
vapour obeys the gas laws, one may write V = RTfp, and, 
on substituting this value in the previous equation, one 
obtains the expression 

1 dp L , d. logeP _ L 
p ' dT~R7^ ’ ~dT R7^' 

If it now be assumed that L as well as R is constant, 
integration of the latter equation yields the expression 

log.p = - ^ ^ ; or, log.„p = - ■ i + / 

where I is the integration constant. When, therefore, 
logioT? is plotted against IjT, a straight line is obtained, 
the slope of which is — LI2’303R, or, L= — (slope x 2*303 x 
1-987) cal. 

If the differential equation is integrated between the 
limits Ti and T 2 , at which the vapour pressures are Pi and 
P 2 , and if it be assumed that the latent heat of vaporisation 
remains constant over the temperature interval (T 2 — 
one obtains the expression 

i = 2 -303 X 1 -987 X ■ logic g- 

L is the mean molar heat of vaporisation in calories over 
the temperature range to T 2 , and 2-303 is a factor for 
converting natural to decadic logarithms. 
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By means of this equation it is possible, from determina- 
tions of the vapour pressure, to calculate approximately the 
mean heat of vaporisation over a short range of temperature ; 
or, conversel}', if the heat of vaporisation is knou n, it is 
possible to calculate individual values of the vapour pressure, 
approximately, if any one is known. 


The foUowing example^ given by Ncnist» will illustrate the application of 

the above eouations. 

The vapour pressure of water at 99-5® is 746 •52> and at 100 *5^^ 7/3*69 min. 
of mercury. Since dT is <iquA\ to unity, the ratio dpIdT^ therefore, has the value 
773*69 -746*52 s; 27 *17 mm. of mercury =0*03570 atm. The specific volume 
of water vapour at 100^ is 1*674 lit., and the specific volume of liquid water 
at the same temperature is 0*001 lit. Therefore, Vj — t’| = 1*673 lit., and 

=0*03570 X 373x1 *673 
= 22*29 lit.*atm. 


But 1 lit. *atm. =24*19 gram*cal., and therefore =22*29x24*10 = 539*12 cal. 
The value found experimeD tally is 539*6 cal. 

Again, in the case of beD2eDe, at Ti = 273^ + 20^, P|=75*0 mm., and at 
2’i = 27S® + 30% pt = 118*0 mm. of merciuy. Therefore, 


L =2-303 X 1-987 x x log 


118 

75' 


= 8000 c&l. 


The value determined experimentally for 25^ 0. U 8040 cal. 

Similarly, at Tj =343^, =546*5 mm., and at = 353% Pk = 750*0 mra. of 
mercury. From these data one calculates L = 7053 cal., whereas the observed 
value is 7426 cal. The discordance here is mainly due to the tact that, at the 
higher pressures, benzene vapour deviates considembly from the simple gas 
laws. The assumptions made are no longer valid. 


Troaton’s Rule. — When one multiplies the latent heat 
of vaporisation, per gram, by the molecular weight of the 
substance in the state of vapour, the product is know'n as the 
-molecvkir or molar heat of vaporisation ; and, in 1884, it w-as 
discovered by F. T. Trouton » (1863-1922), while a student 
at Trimty CJollege, Dublin, that, in the case of normal, 
non-associated liquids, the quotient obtained by dividing the 
molecular heat of vaporisation at the normal boiling-point 
by the absolute temperature of the boiling-point has nearly 
the same value for different normal liquids.* Some of these 
values are given in the table on p. 102 * : 


' Lat«r, Professor of Physics, University College. London. 
•Since the change of entropy on evaporation is given by 

• See also Mathews, J. Amer. Chem. Soc,, 1920, 48, 682. 
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Substance. 

Molecular 

Weight. 

Boiling- 
point, , 

K. 

Heat of 1 

Vaporisation 
per Gram (Z). 

Ml 

T' 

Benzene . , . , 

78 

353 

04-4 

20-85 

Carbon tetrucblorido . 

154 

240-7® 

40*4 

20-41 

Ethyl formate . 

74 

327*3® 

04*4 

21-33 

Ethyl acetate . 

88 

350*1® 

88*1 

21-93 

Methyl iodide . 

142 

316-8® 

46-1 . 

20 - 6 G 

Ethyl alcohol 

46 

351-2® 

216*5 

28-4 

Water 

18 

373-0® 

1 539-6 

20*06 

Acetic acid 

60 (97) 

301-5® 

' 94-4 

14-6 (23-4) 


It will be seen that in the case of the first group of com- 
pounds, which are regarded as being non-associated, the 
Trouton quotient has an average value of about 21. It 
should be mentioned, however, that in the case of liquids of 
low boiling-point the value is much smaller ; for example, 
12-2 for liquid hydrogen and 17-6 for liquid nitrogen. 

In the case of substances such as ethyl alcohol and water, 
which have unusually great heats of vaporisation and are 
regarded as being associated in the liquid state, but which 
have normal molecular weights as vapours, the Trouton 
quotient has an abnormally high value. This behaviour 
may be taken as a criterion of association in the liquid 
state. 

In the case of acetic acid the value of the Trouton quotient 
is found to be 14*5, if the molecular weight is taken as 60. 
Determinations of the vapour density, however, in the 
neighbourhood of the boiling-point, show that the molecular 
weight is about 97 ; and if this value is taken as the molecular 
weight, the Trouton quotient has the value 23*4, which 
indicates, as is to be expected, that the acid is rather more 
associated in the liquid state than in the state of vapour. 

Many modifications of the Trouton rule have been put 
forward, and of these the modification suggested by J. H. 
Hildebrand, Professor of Chemistry in the University of 
California, may be specially mentioned.^ If the heats of 
vaporisation of the different liquids are taken, not at the 
normal boiling-points but at such temperatures that the 
saturated vapours have the same concentration or contain 
the same number of gram-molecules per litre, the value of the 

* 4 /. Amer, Chem, Sot.^ 1915» 37, 970. See also Ooderberg, Ther^nodynamUcht 
Btrechnung chemischer Affinxidten ; Bjk, Z, physiktd^ Chem^t 1924, 110, 291. 
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ratio ^ is more nearly constant than is tlie Trouton quotient 

in the case of normal liquids. Associated liquids, again, give 
notably higher values. 


B. Viscosity 

One of the properties characteristic of liquids is that of 
flowing ; but it is a well-known fact that some liquids flow 
much more readily, or are much more mobile, than others. 

This can be demonstrated by sealing up ether, water, and glycerol in separate 
glass tubes, 35 to 40 cm. long and about 7 mm. in diameter. The tubes should 
be about four- fifths full of liquid. If all three tubes are inverted at the same 
time, it b found that the ether flows down the tube more rapidly than the water, 
and that, at the ordinary temperature, glycerol is so viscous that it flows vdih 
very great slowness. That the viscosity diminishes with rise of tomporature 
is readily shown by heating the tube of glycerol in a bath of boiling water. 
The glycerol is now quite mobile. 

When water, or other liquid, flows through a narrow tube, 
the velocity of flow will depend on the nature of the liquid 
and the force which produces the flow. All parts of the 
liquid, however, do not move through the tube with the same 
velocity. A very thin layer in contact with the wall of the 
tube remains stationary, and over a short distance the 
successive very thin layers of liquid move over one another 
with gradually increasing velocity, until a maximum is 
reached. There is thus a shearing or a movement of the 
different layers past one another in the direction of flow ; 
and this displacement of the different layers relatively to 
one another is opposed by the internal friction or viscosity 
of the liquid. When the tube is a narrow one, therefore, one 
can regard the column of liquid as made up of a number of 
concentric tubes sliding past one another like the draw-tubes 
of a telescope ; and the resistance to the flow is due to the 
Action between the different layers of liquid. In the case 
of a fairly mobile liquid the zone of variable rate of flow in 
the neighbourhood of the walls of the tube is a narrow one 
and outside this zone, in the middle of the tube, the liquid 
streams, without friction, at a constant rate. 

When the liquid is moving through a narrow tube 
there will be a constant difference in velocity between the 
Merent tubes of which we have regarded the cylinder of 
liqmd made up, and it has been found that the force per 
umt area which is necessary to maintain this condition is 
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proportional to the difference of velocity v of two adjacent 
tubes (or their relative velocity of displacement) and inversely 
proportional to their distance x apart, i.e.. 

Force = 77 x 

X 

where is a constant known as the coefficient of viscosity. 
When the velocity of displacement of two layers is numerically 
equal to the distance between the layers (v=x), the force 
in djmes per unit area becomes equal to the coefficient of 
viscosity. This gives the definition of the latter quantity. 
The reciprocal of the viscosity, or I/ 77 , is called the 
fluidity {4>). The unit of \'iscosity in C.G.S. units is known 
as a poise (Poiseuille). 

For the flow of a homogeDeoua liquid through a capillary tube the following 
expression (Poiseuille's formula) has been deduced : 



where p is the driving force, r is the radius of the tube, t is the time required 
for the volurao V of liquid to flow through the tube of length This formula 
holds strictly, however, only when the velocity of the liquid on leaving the 
tube is zero ; and when this is not the case, a correction for the kinetic energy 
of the liquid must be introduced. 


The apparatus now generally employed for the deter- 
mination of the viscosity of liquids is the Ostwald modifica- 
tion of Poiseuille ’s apparatus, shown in Fig. 29. 



FiCJ. 29. 


A definite volume of liquid is introduced into 
the larger bulb e and the liquid is then sucked 
up until its level rises above the mark at c. The 
liquid is then allowed to flow back through the 
capillary, and the time required for the surface 
of the liquid to pass from the mark c to the 
mark at d is noted. 

In the Ostwald viscosimeter the forw 
driving the liquid through the capillary is 
equal to A x c?j x g, where h is the mean differ- 
ence of level of liquid in the two limbs of the 
tube, f/j is the density of the liquid, and g is 
the gravitational constant. If the same volume 
of a second liquid is introduced into the tube, 
the mean difference of level of the two liquid 


surfaces will also be h, so that the driving force will now 
be /i X rfg X g ; or the driving force Js proportional to the 
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densities of the two liquids. According to Poiseuille’s 
formula, however, the viscositj' •») is equal to • pt ; 


i.e., for a given apparatus and the same volume V of liquid, 
7 j is proportional to the driving force and to the time of 
outflow. Hence, 


h . g 

This expression ‘ gives the viscosity of the second liquid 
relatively to the first. For many purposes only the relative 
viscosity of a liquid is required, and as comparison viscosity 
that of water at some particular temperature is generally 
chosen. It is, of course, easy to obtain the coefficient of 
viscosity of a liquid in absolute units by substituting, in 
the above equation, the value in absolute units of tjj, the 
coefficient of viscosity of the comparison liquid. 

In the case of liquids of high viscosity, e.g., glycerol, castor 
oil, etc., the viscosity can best be determined by the rate 
of fall of a sphere, in accordance with Stokes’ law, namely, 

« = , , where v is the velocity of fall in centimetres 

9 7 } 

per second, g is the gravitational constant, r is the radius of 
the sphere, d is the density of the sphere, and d' is the density 
of the liquid. To this equation two corrections must be 
applied for the case of a small sphere falling axially 
through a viscous liquid in a cylindrical tube, a correction 
for “ wall-effect ” and a correction for “ end-effect.” Intro- 
ducing these corrections one obtains the equation 

^-nv(l +2-^r{R){l +3-3r{h)=2gr^{d -d'), " 

where R is the radius of the tube and h 
hquid. If one measures the time of fall t 
s, the expression becomes 


is the height of the 
through a distance 


997«( 1 -f 2 •4r/i2)( 1 + 3 • 3r/A) = 2gr^(d - d')t. 

The apparatus devised by W. H. Gibson and L M 
Jacobs IB shown m Fig. 30. The faU-tube A has five rintrs 
etched round it at distances of 6 cm., and a small steel bS 
IS dropped in through the tube C. The time of faU of the 


4A 


* J. Ohtm. Soe,, 1920, 117, 473, 



lor, IXTRODUCTIOX TO PHYSICAL CHEMISTRY 


ball between, say, the second and the fifth marks, is 
determined, and the \*iscosity calculated according to the 

above expressions. The tube A is placed 
in a cylinder of water at constant 
temperature. 

That liquids differ greatly’ in \'iscosity 
is shown by the values of the coefficients 
of viscosity given in the following table : — 


<=3 




C27] 






B 





Viscosity in C.G.S. Units at 

10°. 

20®. 

Ethyl ether 

0-00258 

0*00234 

Chloroform 

0-00625 

0 00563 

Methyl alcohol 

0 00690 

0*00593 

Beozene 

0 00757 

0*00647 

Carbon tetrachloride 

0-01138 

0 00975 

Water 

0-01309 

0*01008 

Ethyl alcohol 

0-10752 

0*01716 

Glycerol 

21-0 

8*5 


Fio. 30. Influence of Temperature on Viscosity 

and Fluidity. — The viscosity of a liquid 
diminishes rapidly (about 2 per cent, per degree) with rise 
of temperature, and, in the case of a normal liquid, can be 
represented with fair accuracy bj' the expression,' log ?? = 
BjT-A, where A and i? are constants. On plotting log rf 
against the reciprocal of the absolute temperature, therefore, 
a straight line is obtained. 

Since the viscosities of gases have been shown to 
depend on the molecular weight and the molecular cross 
section, T>. T. Lewis ® suggested that anj’ equation repre- 
senting the variation of the viscosity of liquids must 
contain terms representing temperature, molecular weight, 
and molecular volume. On tliis basis there was derived, 
for chemicallv related series of compounds, the expression : 
log 7?=(A log M-B)!T-l log C[^], where A, B and C 
are constants, M is the molecular weight and [P] is the 
parachor (p. 118), a molecular volume term. This equation 
is applicable to all members of an homologous series, and 
from it Andrade’s expression follows directly. 


» Andrade. Nature, 1930. 125. 309. 682 ; Phil. Mag., 

* J. Chem. Soc., 1938, 1061 ; Lewis and Morgan, ibid., 1938, 1341. 
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In the case of non-associated liquids, the reciprocal of the 
viscosity, or the fluidity, varies much more nearly linearly 
with the temperature than does the viscosity ; and the 
fluidity-temperature curves for members of an homologous 
series are, at not too low temperatures, nearly parallel.^ 

In recent years viscosity measurements have found 
application in many different directions : e.g., to the detection 
of changes in the molecular complexity of liquid mixtures 
and of the formation of hydrates and of complex salts in 
solutions of electrolytes ; to the study of colloid sols and 
changes wliich take place in these ; and to the control of 
lubricants, tanning liquors, cellulose nitrate and acetate, 
and the molecular weights of high polymers.^ 


C. Suriace Tension 


When a liquid is withdrawn from the action of gravity, as, 
for example, when it is suspended in a medium of the same 
density, it assumes the form of a sphere ® ; and whenever a 
free surface is formed the liquid tends to form the smallest 
possible surface. This behaviour is due to the fact that an 
attractive force exists between the molecules of a liquid 
whereby an “ internal pressure ” is produced. A molecule 
in the body of a liquid is equally attracted in all directions, 
but a molecule in the surface layer is subject to an unbalanced 
force acting inwards at right angles to the surface. The 
surface of a liquid, therefore, may be regarded as being the 
seat of a special force, the action of which can be visualised 
by ima^ning the surface layer of liquid to act as an elastic 
skin which tends to contract* This force, acting perpendicu- 
larly to a section of the surface 1 cm. long, is called the 
surface tension, and is generally expressed in d3Ties per 
^ntimetre. Usually one thinks of the surface tension as tlie 
forecasting at the interface between a liquid and its vapour 
or between a Uquid and air, but a surface tension also exists 


* Bing^in and Mies J. P, Harrison, Z. physikal. Chetn 190D RA l 
abo ^gham and Spooner, J. Rhtology, 193273^ 221 ’ ® 
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at the boundary surface between two immiscible liquids, 
between a liquid and a solid, and, indeed, whenever a free 
surface is formed. The value of the surface tension will 
depend on the nature of the interface.^ 

When a liquid wets a solid the surface tension is able 
to do work, as when water rises in a glass tube or in a strip 
of blotting paper. If, however, the liquid does not wet 
the solid, the surface tension will resist the doing of work 
— or a certain amount of work must be done in order to 
break through the surface laj-er. Thus, when a glass tube 
is placed in mercurj’, a certain amount of work must be 
done in order to depress the tube through the surface of the 
mercury, and the level of the mercury inside the tube is 
lower than the level outside. 


The existence of a surface tension and the fact that the 
surface layer of a liquid acts as if it were an elastic skin, 
afford an explanation of a number of familiar phenomena. 
If water or a water paint is brushed over a piece of greasy 
paper, it does not spread evenly as a film, but forms into 
drops owing to the action of surface tension, just as mercury 
forms drops or globules on a surface which it does not wet. If, 
however, the surface tension of the water is reduced, that is, 
if the imaginary surface skin is weakened, then the water 
will spread out as a film over the paper. The lowering of the 
surface tension of the water can be effected by the addition 
of various substances, e.g'., sodium soaps. Further, it is 
owing to the existence of a special surface layer that it is 
possible to float a steel needle or a boat of wire gauze on 
the surface of water, or to carry water in a vessel of wire 
gauze. If the needle or wire gauze be coated with a film of 

grease or of paraffin, so that it is not 
wetted by the water, the needle or 
gj gauze will merely form a depression, or 

series of depressions, on the surface of 
the w ater, as if resting on a thin elastic film {Fig. 31). As 
was pointed out, if a liquid does not wet a solid, a certain 
amount of work has to be done in order to break through 
the surface layer of the liquid. 

Determination of the Surface Tension. — For the measure- 
ment of the surface tension of a liquid various methods may 
be employed. 


^ For a full discussion of surface tension see N. K. 
Chefnistrt/ of Surfaces {Oxford University Press). 


Adain» The Physics and 
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1, Capillary Rise Method . — When the end of a glass 
cwipiliarj' tube is placed in water, or other liquid whicli w^ets 
the tube, a film of liquid spreads over the surface of the tube, 
and. since the surface tension tends to diminish the area of 
the liquid surface, the liquid is drawn up the capillary to a 
certain height h. At the same time the upper surface of 
the liquid becomes curved, thereby forming a meniscus 
(Greek, mmiskos, a little moon) which meets the surface 
of the glass tangentially, i.e., at an angle of 0°. The column 
of liquid is supported by the surface tension acting along 
the circumference of the tube, that is, by the force y • '2-nr, 
where y is the surface tension ; and the weight of the liquid 
which is thus supported is ttt* .h.d, where r is the radius 
of the tube and d is the density of the liquid. We have, 
therefore, y . 277r = 7rr* .h.d, or y=.\h .r . d, in grams per 
centimetre; or y=\h.r.d.g, in dynes per centimetre, 
where g is the acceleration due to gravity (say 981 cm. /sec.*). 
CJonsequently, in order to determine the value 
of y, it is only necessary to determine the 
values of A, r, and d. 

Por the determination of the surface 
tension, the simple apparatus shown in 
Fig. 32 may be used.' The capillary tube B, 
having a bore of about 0-4 ram., dips into a 
liquid contained in the wider tube A. The 
height h may be determined by means of a 
cathetometer or by a scale attached to 
the capillary. Since the surface tension 
diminishes fairly rapidly as the temperature 
rises, the apparatus must be kept in a 
thermostat or constant-temperature bath. 

2. Drop Method. — ^The surface tension of 
a liquid may also be determined, very con- Fio. 32. 
veniently, by the so-called drop method.^ 

When a liquid is allowed to flow very slowly from a tube a 
drop will form which increases in size up to a certain point 
and then falls. On the assumption that the surface tension 



apparatus see Ramsay and Shields, J. Chem. Soc., 
1893, ^ 1089; Walden and Swinne, Z. phyetkal. Chtm., 1912, 79, 700; 

1911, 33. 349. and 

Utor voltes ; HarkiM and Brown, »6id., 1916, 38, 248 ; 1919. 41, 499 ; 
Biroumshaw, J. Chem. Soe., 1822, 887. ^ 
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of the liquid, acting vertically round the rim of the tube, 
holds the drop up against the action of gravity, the simple 
formula, y.27r» = ir, where IT is the maximum weight of 
the drop, is obtained ; and it was thought that the value 
of y could be calculated with the help of this expression 
from the weight of a drop and the radius of the dropping 
tube. The work, however, of Lolmstein ^ and of Harkins 
and Brown, 2 more especially, has shown that tliis simple 
expression is quite incorrect ; and although there is no 
simple formula relating the weight of a falling drop to the 
surface tension of the liquid and the radius of the tip of the 
tube, it has been found that the surface tension, in dynes 
per centimetre, is given, with an accuracy of about 0*1 per 
cent, by the expression 



where F is a function of v/r®, v being the volume of a drop. 
The function is a somewhat complicated one, but values of 
F have been determined experimentally by Harkins and 
Brown for different values of v/r®. 

For relative measurements it is easier, instead of deter- 
mining the weight of the drops, to determine the number of 
drops formed by a given volume of the liquids. If one uses 
the same dropping tube, and if the volumes of the drops are 
not very different, the correction term F will have practically 
the same value. Consequently, since W=v.d, and since 
the number of drops, n, yielded by the same volume of 
liquid is inversely proportional to the volume of a single 
drop, it follows that 

y^ '^ 2^2 

If the surface tension of one of the liquids is known, that 
of the other can be calculated. 

3. Maximum Bubble-pressure Method. — For the deter- 
mination of the surface tension of liquids over a range of 
temperatures, especially when only small amounts of liquid 
are available, the method of maximum pressure in bubbles is 
very convenient and has been extensively used in connection 
with the calculation of the parachor (p. 118). 

> Z. phyaikal. Ckem., 1908. 54. 686 ; 1913, 84. 410 
* t/. Amer, Chem. Soc»^ 1019» 41, 499. 
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When a bubble is blown at the end of a tube which drips 
vertically into a liquid, the maximum pressure occurs when 
the bubble is a hemisphere, provided that the bubble is 
small enough to be taken as spherical. The relation between 
the pressure and the surface tension is a complicated one,* 
but the method may be simplified in practice by comparing 
the pressures, Pj and P^, required to liberate bubbles from 



Flo. 33. 

(Courtesy of Csmbrldgs Scicotlflc Instrument (3o. Ltd.) 


two tubes of different radii, immersed to the same depth in 
the liquid. In this case, it was found * that the surface tension 
could be calculated, with an accuracy of 01 per cent, by the 
empincal formula, 

y=A(P,-P,)(l+o.69r,^^j. 

where A is a constant for the particular apparatus, is the 
radius of the larger tube, measured in centimetres, 0 is the 
acceleration due to gravity, and D is the density of the liquid. 

: 1^. .. 
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4. In many cases the s\irface tension can be most satis- 
factorily determined by means of the tensiometric or torsi<m- 
balance method. In the apparatus (Fig. 33), as improved by 
Pierre Lecomte du Nouy * of the Rockefeller Institute of 
^ledical Research, New York, a platinum ring, about 4 cm. 
in circumference, hangs from the end of the beam C of a 
torsion balance, and after the ring has been dipped under the 
surface of the liquid, one measures, by the torsion of the 
wire to which the beam C is attached, the force required to 
raise the ring out of the surface of the liquid. The amount 
of torsion is measured by the angle through which the pointer 
B moves over the scale engraved on the disc. Determinations 
can be carried out with small amounts of liquid (1 ml.), and 
the apparatus is much used in scientific and industrial 
laboratories for measuring, more especially, the surface 
tension of biological fluids, and for controlling the composition 
of solutions. 

As the numbers in the following table show, the surface 
tension varies greatly with the nature of the liquid, and it 
diminishes fairly rapidly with rise of temperature. 



Surface Tension in Dynes per Centimetre at 

0®. i 

10*. 

• 

0 

o 

30*. 

40*. 

50*. 

Water 

4 

75-64 

74-22 

72-75 

71-18 

69-56 

67-91 

Glycerol . 




63-4 

4*4 

• 44 

4 4 4 

Benzene . 


31-58 

30-19 

28-88 

27-58 

26-26 

24-98 

Etbyl acetate . 

• 

26-5 

• • • 

23-9 

4 4 4 

• 4 4 

20-2 

Ethyl alcohol . 


24-05 

2314 j 

22-27 

21-43 

20-60 

19-80 

Ethyl ether 


4 4 4 

• • • 

1701 

4 4 4 

4 4 4 

13-47 


Over short ranges of temperature the dimmution of surface tension with 
rise of temperature may be regarded as linear ; but over a greater range the 
change of surface tension with temperature can be expressed by the empirica) 

( J* \l.tO 

i - — \ , where y is the surface tension at the absolute 

temperature T, and is a constant having the signification of the surface tension 
at the absolute zero. is the critical temperature. At the critical temperature 
the surface tension becomes zero. 

Molecular Surface Energy. — If one imagines a gram- 
molecule of a liquid in the form of a sphere, the surface of the 
sphere may be called the molecular surface ; and in the case 
of different liquids there will be the same number of molecules 

' J. Oen. Physiol.. 1919, 1, 521 ; 1925, 7, 625. See also Lloyd and Scartb 
Science^ 1926, 64, 253. 

- S* Sugden, J, CAcm. Soc., 1924, 125, 32. 
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distributed on the molecular surface, assuming the molecules 
to be spheres and unoriented. The product of surface tension 
and molecular surface should then be a quantity which is 
comparable for different liquids. Since the volumes (F) of 
different spheres are to one another as the cubes of the radii 
(r), and the surfaces (s) as the squares of the radii, it follows 


that 

Fi ri 

— i=-^ or — = 

V^^ 




and 

«2 ^2® ^2*' 

s 


That is to say, the molecular surface is proportional to the 
two-thirds power of the molecular volume, Mv or MjD, where 
V is the specific volume and D is the density of the liquid. 
The product y . (Mv)^ or y . (MJD)*, was called by Ramsay 
and Shields the molectdar surface energy, and is measured 
in ergs. 

In 1886 it was deduced theoretically by Baron Roland 

von Eotvbsi (1848-1919), Professor of Physics in the 

University of Budapest, and shown experimentally by 

Ramsay and Shields * in 1893, that the molecular surface 

energy decreases linearly with rise of temperature. It was, 

however, found that the straight line representing the 

deor^se of molecular surface energy with temperature does 

not, m general, out the temperature axis at the critical point 

but at about 6^* below this point. One has, therefore, the 
relation ® 


y . (Mv)*=k. (t^-Q-t), 


Since the molecular surface energy is a linear 
the temperature, it follows that 


function of 


y^(Mv)^*~y^(Mv\} . 

where k is a constant which gives the slope of the graph. 
Thus, m the case of carbon tetrachloride, the molecular 

. D??' 27. 452. 

_ yitt. ivatayama that a more correct relation is 
where D and D, are the densities of liquid end 
‘^“Peruture T. and a U a constant, the same for normal liquids. 
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weight of which is 153*8, yj at 20° has the value 25*68 dynes 
per cm., and at 80° has the value 18*71 dynes per cm. 
The density at 20° is 1*594, and at 80°, 1*470. Consequently, 




(25*68 X 21*04) - (18*71 x 22*20) 

60 


i=2*08. 


At 100°, y has the value 16*48, the density being 1*420. 
On calculating the value of k from the values of the molecular 
surface energy at 80° and at 100°, one finds ib = 2*06. As the 
average value for a number of liquids (e.gr., benzene, carbon 
tetrachloride, ethyl ether, ethyl acetate, etc.), Ramsay and 
Shields found A: = 2*12, and it was therefore to be assumed 
that if one of these liquids has normal molecular weight, the 
other liquids also have normal molecular weight. 

In the case of another group of liquids, however, it was 
found that k has a considerably smaller value : water, 1*04 ; 
methyl alcohol, 0*93 ; acetic acid, 0*98. This behaviour 
can be accounted for if one assumes that these liquids have a 
molecular weight greater than the normal value ; that is, 
the liquids are assumed to be associated. In order that the 
value 2*12 may be obtained for the Ramsay and Shields 
constant, the normal value of the molecular weight M must 
be replaced by the higher value xM , where x is the a^socxation 
factor, or the average number of normal molecules associated 
to form the more comi)lex molecules. The association 
factor X is given by the expression 


/2*12\f 


where k is the Ramsay-Shields constant found experimentally. 
By this means the value of x w'as found to be 2*91 for water, 
3*44 for methyl alcohol, and 3*18 for acetic acid. The 
assumption that these compounds are associated in the liquid 
state is supported by the high value of the latent heat of 
vaporisation. 

It seemed from the work of Ramsay and Shields that the 
temperature coefficient of molecular surface energy was a 
colligative property and gave a means of determining 
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II 


o 


the molecular complexity of liquids, relatively to some 
standard liquid, e.j/., benzene, regarded as having normal 
molecular weight. Fuller investigation, however, has 
shown ^ that this is not a reliable method for deter- 
mining the degree of association of a liqxiid, although it 
may be useful as giving a qualitative indication of 
molecular complexity. 

Since, in the Ramsay-Sbielde e<|uation, is the critical temperature of the 
liquid having the same degree of association as at the temperature of measure* 
ment, it will vary witb tbe temperature because the degree of association varies 
with the temperature. If the variation of the critical temperature with the 
degree of aasooiatlon b less thao a certain value for the particular liquid, Ar will 
be abnormally small ; but if the vnriation Is greater than thb value, k will be 
abnormally large, even if association occurs. ‘ Thb is liable to be the case 
esp^ially with liquids of high molecular weight, e.g., glyceryl stearate, for 
which the value of k b 6 *75. It may be also, that in tbe case of long* 
chain carbon compounds, orientation of the 
molecules takes place, leading to a greater 
crowding of the molecules at the surface than 
b assumed in the Ramsay-Shlelds equation, 
and giving an abnormaUy high value of the 
temperature coefficient of molecular surface 
energy. 

Ad intoresting application of surface 
tension measurements was made, in 1904, by 
Rudolf Schenk and £. EUenberger,^ of tbe 
University of Marburg, for the purpose of 
detecting the oxbtence of tautomeric forms 
and of determining the range of temperature 
throughout which each form is stable, li each 
form were stable and had normal molecular 
weight, two parallel curves, and 

(Pig. 34), would be obtained on 
plotting molecular surface energy against 

temperature (Ramsay-Shields law). If, howcTcr, in a certain temperature 

“8® toutom^o form to another tekes place, the curve will 

couTM or BtB^,A«. Dibenzoylacetono gives the former, 

acetylacetone gives the latter type of curve. 6 mer. 

Surface Tension of Aqueous Solutions.— The surface 
tension of aqueous solutions, at a Uquid-air interface, is in 
some cases greater but, in general, is less than that of pure 
water , and the influence of different solutes on the surface 
tension varies gr^tly. Inorganic salts have only a slight 
effect on the 8ur*,ce tension, and frequently increase^ it 
shghtly. The surface tension is scarcely affected by the 

decrease of surface tension is brought about by the addition 

t XT® v' Z. anorgan. 1017. lOL 1 



Temperature 
Fiq. 34. 
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of monohydric alcohols, aldehydes, ketones, many organic 
acids and esters of organic acids (Fig. 35). In the case of a 
given homologous series, further, it was found by Isidor 



Fio. 35. 


Cano sugar. 2, Acetic acid. 3. AUyl 
amine. 4, Metbyl acetate. 5, lao* 
butyl alcohol. G, Iso^amyl alcohol. 


Traube ^ that as one ascends the series, each member is 
three times more effective hi reducing the surface tension 
than its immediate predecessor (Traube’s Rule). This is 
illustrated by the following table : — 


Aqueous Solution of 

Capillary Rise at 18^ 

Metbyl acetate, 1 'norma! 

58*1 mm. 

Ethyl acetate, i* 'normal . 

58 0 „ 

Propyl acetate, i-nonnal 

67-7 

IsO' butyl acetate, ^y^norraal 

68-8 .. 

Iso-amyl acetate, -normal 

68-9 „ 


The surface tensions of the above solutions, as measured 
by the height to which the liquid rises in a capillary tube, 


» Anruiien, 1891 , 285 , 27 . 
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are practically the same, but the concentration of solute 
progressively diminishes. 

When a solute lowers the surface tension of water, the 
relative lowering of the surface tension is greatest at low 
concentrations (Fig. 35). and is represented approximately 
by the expression 

A=^^ = k.cK 

Yo 

where c is the concentration and k and 7i are constants. 
That this expression is only approximately correct, however, 
is shown by the fact that if the values of log A are plotted 
against the values of log c, the curve is not quite rectilineal. 

The Theorem of Gibbs. — Owing to the existence of 
surface tension, the concentration of solute molecules is not 
uniform throughout a solution, but is different at the surface 
from what it is in the body of the solution ; and the important 
theorem was deduced by Josiah Willard Gibbs {1839-1903), 
Professor of Mathematical Physics, Yale University, that 
those stcbstances which lower the surface tension become con- 
cenlrated in the surface layer, whereas the concentration of those 
substances which raise the surface tension becomes less in the 
surface layer than in the body of the solution. If the excess 
of solute in the surface layer above that in the body of the 
solution is represented by S, and if C is the concentration of 
the solute, we have, for dilute solutions, 

-S = -^ 

RT dC' 


where R is the gas constant (8*315 x 10’ ergs per degree), 
T is the absolute temperature, and ^ is the changeof surface 

tension with the concentration. 

To this change of concentration of a solute at a boundary 
surface the term adsorption is applied. Increase of concentra- 
tion at a surface is termed positive adsorption ; decrease of 
concentration, negative adsorption. 

The equation of Gibbs has been experimentally verified 
by J. W. McBain and his collaborators at Stanford Univer- 
sity , Califonua,^ who, by a most ingenious and accurately 


* Mo^in and Humphreys, J. Physiail CHm., 1932, 86. 300; MoBain and 

Swam, f»roc. 5oe., 1936, A, 154 , W . oo, ow , mo Min ana 
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constructed apparatus, succeeded in rapidly slicing off a thin 
layer. O-Oo to 0-1 mm. thick, from the surface of a solution. 
From the weight of solution removed from a known area of 
surface the concentration of the solute could be determined 
and compared with the concentration of the solute in the 
body of the solution. 

The general truth of the theorem becomes most clearly 
evident in those cases where a solute, e.j?.. albumin, peptone, 
etc., not only dimini.^hes the surface tension of water but also 
increases its viscosity. In such cases the surface concentra- 
tion of the solute will obviously lead to the formation of a 
viscous layer, and this may even develop into a visible skin. 
Moreover, if such solutions are shaken with air, the free 
surface is greatly increased and the formation of viscous 
layers or films facilitated, so that a foam or froth is produced. 
The production of foam or froth, therefore, is associated not 
merely with a decrease in the surface tension but also with 
an increase in the viscosity of a liquid, brought about by the 
dissolved material. The production of foam will be prevented 
by a substance which diminishes the viscosity of the liquid, 
even although it also diminishes the surface tension. 


D. Molecular Volume and the Parachor 

The molecular volume is the volume, in millilitres, 
occupied by 1 gram-molecule of the substance, and is equal 
to the specific volume v multiplied by the molecular weight. 
Since the specific volume or the volume in millilitres 
occupied by 1 g. of liquid is the reciprocal of the density 
or weight of 1 ml., the molecular volume is also given b}’ the 
expression J//d ml. 

Since the variation of densitj’- or of specific volume with 
temperature is different in the case of different liquids, one 
should, in investigating the relation between molecular 
volume and composition or constitution of compounds in 
the liquid state, compare the volumes at “ corresponding 
temperatures,” i.e., at temperatures which are, in each case, 
the same fraction of the critical temperature (p. 74). Since 
it has been shown that the boiling-point of a liquid is, 
approximately, two-thirds of the critical temperature, one 
may compare the values of the molecular volume determined 
in each case at the boiling-point of the liquid. 
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The density of a liquid at its boiling-point can readily 
be determined by filling a pj’-cnometer, of the form shown 
in Fig. 36, with the liquid and suspending it in a flask in the 
vapour of the boiling liquid. The volume of the 
pycnometer can be determined in the ordinary 
manner by filling, and weighing with w^ater at a 
known temperature. 

On comparing the molecular volumes of liquids 
at their boiling-points, it w'as found by Hermann 
Franz Moritz Kopp^ (1817-92) in 1855, w’hile 
Professor of Chemistry at the University of 
Giessen, that the molecular volume is essentially 
an additive property and is equal to the sum of the 
atomic volumes of the constituent elements. The 
property, however, is not purely additive, but is also 
aynstitutive, as shown by the fact that the atomic volume of 
oxygen and of certain other elements varies with the way 
in which the element is linked in the compound. The 
oxygen (O') in the hydroxyl-group, for example, has a 
different atomic volume from the doubly linked oxygen (O") 
present in aldehydes and ketones. Branched-chain com- 
pounds, also, have a lower molecular volume than straight- 
chain isomers, and other variations in the constitution 
exercise an influence on the molecular volume. 

From a study of diflorent compouods, the following values of the atomic 
volume have been calculated : — 

Hydrogen . . 3-7 Iodine . . 37*0 

Carbon . . 14-8 Oxygen in>OH . 7-4 

Chlorine . . 22*1 Oxygen in CO . 12-0 

Bromine 27-0 

Thus the molecular volume of hexane, C«H||, is calculated to be 
(6 X 14‘8) +(14 X 3-7) =88-8 + 61*8 = 140-6 ml. The observed value is 139-9 mi. 
Similarly, the value for acetic acid, CH, • COOU or CjHjO'O', is calculated 
to be 29-6 + 14-8 + 12-0 + 7-4=63-8 ml. Value observed is 63-6 ml. 

Whenj^one passes &om the broad regularities to a more 
searcl^g investigation of the relations, it is found that 
constitutional and structural influences are very widespread, 
and introduce more or less marked variations in the molecular 
volumes, so that the exact relations gain greatly in com- 
plexity.* The usefulness of molecular volume determinations 

» Ann.\Phynk., 1865, 96, 153, 303. 

* discuas ion of molecular volumes of liquids, see Qervaise Le Baa 

Th^ MoUcuIar VolunM of Liquid Chemical CompouTids (Ix^ngmans). 
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in solving problems relating to the structure or con- 
stitution of compounds is thereby considerably reduced. 
Fortunately, another property, related to the molecular 
volume, has been discovered w hich exliibits fewer anomalies, 
and the relation of which to chemical structure and constitu- 
tion is more clear-cut and simple. The use of this property, 
known as the parachor, was first suggested by Samuel 
Sugden, Professor of Physical Chemistry at University 
College, London. 

In 1923 it had been found by D. B. Macleod, of Canter- 
bury University College, New’ Zealand, that the relation 


holds, for non-associated liquids, over a wide range of 
temperature.^ In this expression, y is the surface tension 
of the liquid, D is the density of the liquid, and d the density 
of the vapour at the temperature of the experiment. C is 
a constant. Consequently, as Sugden pointed out,^ the 
expression 

^ = il/C = [P] 


should also be valid. In this expressio^j...tiie constant [P] is 
called the parachor, a name signif 3 'ing a comparative volume. 
At not too high temperatures d w’ill be negligible compared 
with D, and so one obtains the relation 



where ^ is the molecular volume. 


It is clear, therefore, that 


the parachor represents the molecular volume of a liquid at 
such a temperature that its surface tension is unity. Instead, 
therefore, of comparing the molecular volumes of liquids at 
their boiling-points as Kopp did, one compares the molecular 
volumes of liquids determined under such conditions that 
their surface tensions are the same. In the case of associated 
liquids the parachor varies with the temperature. 

The above expressions for the surface tension and the 
parachor w’ere originally put forward as empirical laws. It 


‘ Trails. Faraday Soc,, 1923. 19, 38. 

^ J, Chem. Soc.t 1924. 125. 1185. See aleo Sugden* The Parachor and 
Valency (Routlodgo). 
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has, however, been shown that a theoretical basis can be 
obtained for them in the action of intermolecular forces.^ 

On comparing the parachors of different compounds in 
the liquid state, it is found that the parackor is pre-eminently 
an additive property. This is shown, for example, by the 
fact that the differences between the parachors of successive 
members of an homologous series are the same in different 
homologous series, and that isomeric compounds have 
parachors of the same value. This is illustrated by the 
following values for a series of isomeric esters, CgHjgOj : — 

(^ 1 - LP\- 

leo-amjl formate 293-6 Ethyl butyrate 263-6 

l8o«butyl acet^t^ . 2do*l Ethyl iso*butyrate 292*9 

n- Propyl propionato . 295*3 Methyl valerate 292*5 

The parachor, however, depends not only on the elements 
present, but also, to some extent, on the manner in which the 
different atoms are linked together in the molecule. Thus, 
the formation of a ring structure increases the parachor by 
amounts which depend on the number of atoms in the ring ; 
and the effect of a double bond on the parachor depends on 
whether the double bond is of the ethylenic type (non-polar 
double bond) or is a semi-polar double bond. The parachor 
of a compound, therefore, can be expressed as the sum of a 
number of atomic and structural constants which are inde- 
pendent of the nature of the compounds.* Some of these 
constants, the values of which are obtained from a comparison 
of the parachors of different compounds of known composition 
and constitution, are given in the following table : 


ATOMIC AND STRUCTTURAL PARACHORS 


C 

u 

N 

O 

p 

s 

Cl 


Eater group 
OH*group . 
NH, . 


7*2 

16*2 

16*0 

20*0 

37*0 

48*5 

63*5 

- 2*0 

^6*0 

- 2*6 


Triple bond 
Double bond « 
Semi-polar double bond 
Singlet link 

S^meznbered ring 
4-menibered ring 
5*nxeiDberod ring 
6*inoaibered ring 


42*U 

20*0 

0*0 

- 10*0 

14*0 

0*6 

6*5 

4*5 


T. W. jfcST 55 ^ 299 !* preferred. See 
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With the help of these constants one can calculate the 
parachor of a compound and can also, in certain cases, draw 
conclusions regarding the structure of a molecule. In the 
lielp which it gives in solving problems of chemical constitu- 
tion, tlie parachor has shown itself to be one of the most 
valuable of physical properties ; but it must be borne in 
mind that definite conclusions as to structure can be drawn 
only when the alternative structures correspond with 
considerable differences in the parachor. A few illustrations 
of its application may be given. 

The parachor of ethyl propionate, CsHjoOj, is calculated to be 

(5 x7*2)+(10x 16-2)+(2 x20)+20 -2 0*256 0, 

which agrees with the observed value, 255*2. In the case of benzene, C«H«, 
if one adopts the Kekule formula, with alternate single and double bonds, 
the value of the parachor is calculated to be 

(6 X 7-2) + (6 X 16-2) + (3 X 20) +4-6 =204-9. 

The observed value for benzine is 206*2. The value of the parachor, 
therefore, is in good agreement with the Keku]4 formula. 

In the case of quinone, two structures have been suggested, namely. 



O 


HC CH 


II. 


Ht 


CH 


o 


On calculating the parachor for structure I., one obtains 

{6 X 7*2)+ (4 X 16*2) + <2 X 20) + (4 x 20) + 4*5 = 232*5, 

and the calculated value for the structure II. is, since there are now two 6* 
membered rings, 217*0. Since the observed value is 236*8, quinone must be 
regarded as having the diketonic structure. 

The light which the parachor has thrown on the nature of the linkages in 
compounds of nitrogen, phosphorus, and sulphur is very valuable. 

Thus phosphorus oxychloride, POa„ is shown to have the formula 
Cl\ 

Cl— P=±rO, the calculated value of the parachor, assuming the presence of a 
Cl / 

sembpolar double bond, being 217*5. The observed value U 217*6. If a non- 
polar double bond were present, the calculated value of the parachor would be 
237*5 

From the evidence siippUed by the parachor, much valuable information 
lias been obtained regarding the constitution of compounds and the nature o 
the valency linkages.* 

‘ See also Pearson and Robinson J. Chem. Soc.^ 1934, 740 ; C. N. Copley, 
Chem. and Ind,^ 1940, 59, 675. 
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V^arioua empirical espressioos linking together viscosity and surface tension 
have been put forward. Thus, D. SUverman and W. E- Rosevoaro ^ derived 
III© relation =-^/n + which is readily convertible Into a parachor e<| nation. 
The law has only a partial validity. C. A. Bu elder,* similarly, has put forward 
the expression fog (log t^) = l*2y"l — 2*9, where n* in millipoises, is measured 
at the same temperature as the surface tension. This relation appears to bo 
valid in the case of compounds for which the parachor is in<lcpendeni of 
the temperature. 


^ if. Amtr, C/um, Soc,^ 1932, 54, 4400. 
* J. Phijsical Chtm., 1938, 1207. 




CHAPTER V 


LIQUIDS AND THEIR PROPERTIES— continued 

E. Refractive Power 

Refractive Index. — When a ray of light passes from a less 
dense to a more dense medium, it is bent or refracted towards 
the normal. Thus, in Fig. 37, if I is the less dense and II the 
more dense medium, a ray of light passing from I to II will 
be bent so that the angle of refraction e will be less than the 

angle of incidence i ; and, according to 
the law of refraction, the relation between 
these two angles will be such that 

sin i _N 
sin e n ’ 

where n is the index of refraction of the 
less dense and N the index of refraction 
of the more dense medium. As the angle 
FiQ. 37. i increases, the angle c will also increase 

until, at the limit, when i becomes equal 
to a right angle, the incident ray will no longer pass into 
the more dense medium. At this limit, since sin 90*^ = !, 
the above equation becomes 

n 

sm c =-^=. 

N 

Determination of the Refractive Index. — The methods 
now generally employed for the determination of the refrac- 
tive index of a liquid are based on the relation just started. 
In determining the refractive index by the Pulfrich refracto- 
meter, the liquid, of which the refractive index is to be 
determined, is placed in a coll cemented to the top oi 

124 
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a right-angled glass prism 
index of which is known and 
of the liquid. A beam of 
monochromatic light entering 
the liquid will be refracted 
through the prism in the 
manner shown in the figure. 

If one considers the path of 
the last ray to enter the 
prism, the ray which enters at 
“ grazing incidence ” and which 
is represented by the thick 
line, then, as we have seen, 

7t 

sin e=- 57 , or, n = N sin c, where n is the index of refraction 
N 

of the liquid and N that of the glass (referred to that of 
air equal to unity). But, sin c=cos i", and therefore 

Ti=JVcosi'. Further, or, sint'=?^. Since 

8m % N 

cos*i'=l -sin^i', we have cos**' = 1 
and since n = N cos it follows that 

n* = cos**' = iva X _ gin** 


(Fig. 38), the refractive 
must be greater than that 



or 


» = \/N*-sin*i. 


If, therefore, one knows the value of N, the refractive 
mdex of the pnsm, and the angle i at which the Ught emerges 
from the prism, the value of n, the refractive index of the 
hquid can be calculated. A table of values of ViV^*-sin*i 

Since light is refracted in varying degree according to its 
wave-length, inonochromatic light must be used ■ and since 
of refraction varies with the temperature, a heating 

ES:~= 

m the ceU on the top of the prism L. The light, ;after 
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refraction, passes into the telescope F, and is reflected to the 
eye-piece E. The telescope is attached to a disc D, which 
is graduated into degrees and half degrees so that the angle 
through which the telescoi)e is rotated can be readily deter- 
mined. Tliis is the angle of emergence from the prism. When 
it is desired to determine the index of refraction for light of 
different \\ ave-length, e.« 7 -, lines of the hydrogen spectrum, 
a discharge tube may be attached to the instrument. 



Fiq. 39. 

(Cotirtcfty of Bellingham A SUiuloy Ltd.) 

When it is not necessary to determine the index of re- 
fraction with the high degree of accuracy attainable with the 
Pulfrich refractometer, use is frequently made of the Abbe 
refrnctorneter. In this instrument there is a flxed telescope, 
and the liquid under investigation is placed in contact with 
the hypotenuse face AB of a right-angled prism ABC (Fig. 40). 
According to the law of refraction, a ray of monochromatic 
light passing through the liquid and entering the prism at 
grazing incidence will emerge from the face AC along a path 
perpendicular to that face, provided n=N sin A. This ray 
then passes through the centre of the focal plane of a 
telescope placed perpendicularly to the face of the prism. 
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When, however, the refractive index of the liquid n does 
not satisfy this condition, the emergent ray will no longer be 
at right angles to the face of the prism, but 
will make an angle a with the normal ; 
and the prism must be rotated through an 
angle a, in order that this emergent ray 
may again pass through the centre of the 
focal plane of the fixed telescoije. If this 
angle a is determined, the refractive index 
n is obtained from the relationships — 


4 ’, 


Ttr sin a 

^ = - — 3 ’ 
sin p 

^ + r=A, 

n = N sin r. 

By eliminating and r, one obtains 
w=8in AV — sin^o — cos A sin a 



i'lu. 4U. 


In the Abbe instrument the value of n for different values 
of a is engraved on the scale, so that the index of refraction 
— “ can be read directly. The complete 

instrument is shown in Fig. 41. 

Specific and Molecular Refractive 
Powers. — ^The index of refraction of 
a liquid varies not only with the 
wave-length of the light but also 
with the temperature. In 1880, on 
the basis of the electro-magnetic 
theory of light, Hendrik Anton 
Lorentz (1853-1928), Professor of 
Theoretical Physios, University of 
^yden, and Ludwig Valentin Lorenz 
(1829-91) Professor of Physics at the 
^Utary High School, Copenhagen, 
deduced independently that the 

expression . i should be in- 



+ 2 ' d 

dependent of the temperature and 
wiptaut for a given substance. 


Fio. 41. 
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To obtain values wliich shall be comparable for different 
substances, one employs the function of the refractive index 
know n as the molecular refractive power, w^hich is equal to the 
specific refractive power multiplied by the molecular weight 
of the substance. Thus one obtains the expression 


[R\ = Mr^ = 


n ^-1 
n^ + 2 


M 

d' 


On studying the relations betw'een the molecular refractive 
power and chemical composition, it is found that the property 
is essentially additive in character, as is shown by the fact 
that the difference between the molecular refractive power of 
successive members of an homologous series is nearly constant. 
The following values will serve as illustration : — 



[AJl for D*Une. 

Difference. 

Methyl alcohol 

8-218 


Ethyl alcohol 

12-739 

*X 

n- Propyl alcohol , 

17-615 

a.Ai ^ 

n*Butyl alcohol 

22-130 

4*614 

{•Amyl alcohol 

26-744 

1 

Hexaoe 

Octane 

Decane 

29-878 

391G0 

48-501 

4*641 x2 
4*670x2 


Owing to the additive nature of molecular refractivity 
it is possible, from a study of the molecular refractivities of 
different compounds, to draw up a series of constants repre- 
senting the atomic refractivities of the different elements. 
By means of these constants it is possible to calculate the 
molecular refractivity as the sum of the constituent atomic 
refractivities. 

Although molecular refractivity is primarily additive in 
nature, investigation shows that it is influenced also by the 
constitution, by the arrangement of the atoms in the mole- 
cule, and by the presence of double and triple bonds. Thus 
the atomic refractivity of oxygen has different values in 
alcohols, ethers, and ketones, and var 3 dng values are also 
met with in the case of nitrogen, sulphur, and phosphorus. 
For this reason, however, determinations of the molecular 
refractivity may also be employed to solve problems in 
chemical constitution. 

In the table on p. 129 are given the values of the atomic 
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refractivities for the sodium (D) line, and for the red and 
blue lines of the hydrogen spectrum (Ha and Hp).^ By 
means of the constants in the table it is possible to 
calculate the molecular refractivity of a compound. 
Thus the molecular refractivity for the D-line of 
methylethyl ketone, CHj . CO . CgHg, or C 4 HgO, is calculated 
to be (4x2-418) + (8xl*100)+2-211 = 20-683, while the 



Ha. 

D. 

Hp. 

CH, . 

4-598 

4-618 

4-668 

c 

2-413 

2-418 

2-438 

H 

1-092 

1-100 

1-115 

O' (in CO) . 

2-189 

2-211 

2-247 

0 < . 

1-639 

1-643 

1-649 

O' (in OH) . 

1-522 

1-525 

1-531 

C) 

5-933 

6-967 

6-043 

Br 

8-803 

8-865 

8-999 

I 

13-767 

13-900 

14-224 

1 *” ♦ • 

1-686 

1-733 

1-824 

1 • « 

2-328 

2-308 

2-506 


experimentally determined value is 20-674. Similarly for 
isovaleric acid, . COOH, or CgHjoG'D*. one calculates 
[■«Jl = (5 x2-418)+(10 X 1-100) + 2-211 + 1 -525 =26-826, which 
agrees exactly with the value obtained by experiment. 

alcohol, CH2=CH . CHjjOH, or 
J 1?I account must be taken of the presence of a 

double bond. Thus the molecular refractivity for the 
D-^e IS ^Iculated to be 17-112, while the experimentaUy 
detemmed value is 16-973. This may be compared with 

propyl aldehyde, CH3 . CH^ , CHO, 
K refractivity of which is calculated 

T^®®^Periinental value is 16-97. Determina- 
twm of the molecular refractivity may therefore be employed 

to detect differences in constitution in the case of isomeric 
iximpouiias, 

® compound contains more 
droLdfni “f molecular refractivity 

no ^ ® triple bonds 

their ‘rrr®*'!® Perition in the molecule. When 
the douHe °^ple bon^are present in conjugated position. 

e.?.. - CH =CH - CH =CH - . the molecular refractive powe^ 

conatonta'^^g 7?, 6W. Valuea for the otomio 

br w. been dedneed 
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is lugher than the value calculated from the atomic constants 
This is known as optiud exaltation. Thus, for hexatriene 
CH, = CH-CH=CH-CH = CH,. one calculates 
(for the D-line), whereas the experimental value is 
30-58. There is here an optical exaltation of 2*06 

units. A carbonyl group also, in conjugation with 

a double or triple bond, causes optical exaltation Thus 
for phorone, (CHs)^ - C = CH - CO - CH =C(CH 3 ) 2 , is 

calculated to be 42-73, while the experimental value is 
45-39. There is thus an exaltation of 2-66 units. When 
double bonds are not conjugated no optical exaltation 
is found. This is illustrated by the compound diallyl 
CHg = CH — CH 2 — CH 2 — CH = CHg, the molecular refrac- 
tivity of wliich is 28-77. The calculated value is 28-89. 

If the hydrogen atoms attached to the carbon atoms of 
the conjugated grouping, CH 2 =CH-CH=CH 2 , are substi- 
tuted, the optical exaltation is diminished, more especially 
when substitution takes place at the middle carbon atoms. 
Thus, 2 : 4-hexadiene, CH 3 - CH =CH - CH ==CH - CH3, with 
[2?]^ = 30-64, shows an optical exaltation of -I-1-71 units, 
whereas di-isopropenyl, CH 2 = C(CH 3 ) -C(CH 3 )=CH 2 , with 
[i?]^ = 29-44, shows an exaltation of only -f 0-47 unit. 

It is found also that conjugated double bonds in a ring 
compound do not give rise to optical exaltation. In the case 
of benzene, for example, assuming there are alternate single 
and double bonds (Kekule formula), the calculated value of 
the molecular refractivity, [12^, for the D-line is 26-30, and 
the experimental value 26-19. 

In the preceding discussion the molecular refraction has 
been regarded as made up additively of a series of atomic 
constants. The optical properties of substances, however, in 
the range of the visible spectrum probably depend on the 
outer rings of electrons in the atoms, and the values of the 
molecular refractivity, therefore, have been resolved into a 
series of constants which depend on the nature of the linkages 
in the compounds and on the distribution of the electrons 
between the atoms. ^ The variation of the atomic constants 
with the manner in which the atoms are linked in a compound 
is thus taken into account, and the method gives a more 
refined means of studying chemical structure. 

‘ See, for example, A. L. von Steiger, Ber., 1921, 64, 1381 : W. Hucke, 
J. prakl. Chem.., 1921, 211, 241 ; K. Fajans and C. A. Knorr, Ber., 1926, 69, 
249 ; C. P. Smyth, Phil. Mag.. 1926. 60, 301, 716 ; R. Samuel, Z. Physik, 
1928. 49, 95 ; 1929, 63, 380. 
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F. Optical Activity 
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When a ray of ordinary light is passed through a Nicol’s 
prism, formed of Iceland spar, the emergent light is phine 
polarised, i.e., the electric vibrations of the wave all take 
place in one plane. This polarised light does not affect the 
eye differently from ordinary light, in which the vibrations 
are taking place in all directions at right angles to the line of 
propagation ; but if a second Nicol’s prism is inserted in the 
path of the beam it is found that when the crystalline axes of 
the two prisms are parallel to each other the field of view 
remains light, and when the axes are at right angles to each 



Fio. 42. 


other the field of view is dark. If, when the prisms are in the 
latter position, or “ crossed ” as it is said, a piece of ordinary 
glass or a cell containing water is placed between the prisms, 
the field of view still remains dark ; but if a plate of quartz, 
or a cell containing tu^entine or a solution of cane sugar is 
introduced, the field lights up, and one of the prisms must 
be rotated through a certain angle before “ extinction ” or 
darkness is produced. Substances such as quartz, sugar, 
etc., are said to have the power of rotating the plane of 
polarised light, or to be optically active. 

^ optical activity can be demonstrated by 

a modification of » v©ry interesting experiment due to the 
^gush physicist. Sir George Gabriel Stokes^ (1819-19031. 
men a beam of light from a projection lantern (Fig. 42) is 
reflected downwards by means of a mirror through a column 
of water render^ shghtly turbid by the addition of a few 
drops of an alcohobc solution of rosin, the path of the beam 

* Nicolai A, Umoff, Z. ^hytikal. Chtm., 1899, 80, 711. 
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is rendered visible by the fine suspension of rosin particles 
(Tyndall phenomenon), and the beam of light appears equally 
bright all round. If, however, the light from the lantern is 
first polarised by passage through a Nicol’s prism or disc of 
Polaroid,^ and then reflected downwards through the column 
of water, the appearance obtained is that of a band which is 
light only on two opposed sides, and dark on the other two 
opposed sides. On rotating the prism of Iceland spar, the 
band of light turns alternately its light and dark sides to the 
eye. The effect produced is as if the beam of light, on passing 
through the prism of Iceland spar, were given a flat form, 
like a book, from the two opposite edges of which light is 
emitted, while the sides remain dark. This experiment 
illustrates the phenomenon of polarisation of light. 

If, now, the cylinder of water is replaced by a cylinder 
containing a solution of cane sugar (about 70 g. of sugar to 
100 g. of water), also rendered turbid with rosin, the band of 
light is twisted into a spiral form ; and on rotating the prism 
of Iceland spar or polaroid disc, this spiral band of light will 
appear to move with a screw-like motion. From the fact 
that the different rays of coloured light, which together 
constitute white light, are twisted or rotated to different 
extents (the blue rays being rotated more than the red), the 
spiral band of light shows the colours of the rainbow. 

To explain the phenomenon of optical activity, Louis 
Pasteur (1823-95). by whom the study of this property 
was inaugurated, introduced the conception of molecular 
asymmetry, and this conception was developed independently 
in 1874 by the Dutch chemist, J. H. van’t Hoff (1852-1911), 
and the French chemist, Joseph Achille Le Bel (1847-1930), 
into a consistent theory of molecular structure, by which it 
is possible to account for the occurrence of optical activity 
and the existence of optically active isomeric compounds. 

According to this theory, the theory of the asymmetric 
carbon atom, the four valencies of a carbon atom are regarded 
as being directed, in space, towards the four comers of a 
regular tetrahedron, the centre of which is occupied by the 
carbon atom. So long as two at least of the atoms or groups 
attached to the carbon atom are the same, the molecule, 


• Polaroid consists of a film of colluloso acetate mounted between two plane 
glass plates. The film is a matrix for sub-microscopic dichroic crystals accur- 
ately orientated in such a way that the entire film acts as a single polarising 
crystal. 
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represented as a tetrahedron, will be symmetrical, and its 
mirror image will be superposable on, and therefore identical 
with, the original. This will be clear from Fig. 43, which 



Fia. 43. 


represents such a tetrahedron and its mirror image. The 
right-hand tetrahedron obviously only requires to be turned 
through an angle of rather more than 90°, on the comer B 
as a pivot, to become identical in disposition with the 
left-hand tetrahedron. 

If, however, the four atoms or groups attached to the 
carbon atom are all different, the molecule becomes 
asymmetric, and gives a mirror image which is no longer 
superposable on the original. The two forms, indeed, are 
related to each other as a right hand is to a left hand ; they 
are, as it is said, enaniiomorphotus.^ This will be understood 
from Fig. 44. Moreover, on viewing these tetrahedra from 


A A 
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a similar position, it is seen that the groups BCD are in the 
one ^e arranged from left to right (clockwise) and in 
the other case from right to left (counter-clockwise). Two 
womeno forms of the compound can, therefore, exist ; and 
If one of the molecules rotates the plane of polarised light 

* From the Greek enonlKw^oppoMto and nK>rpW=fonn. 
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to the right, the other will rotate the plane of polarised 

light to the left. The former is said to be dexlro-rotatorv the 
latter Ifxvo-rotatory . 

Optical activity, however, is found not only in 
compounds which contain an as 3 rmmetric carbon atom 
but in compounds also which contain other asymmetric 
atoms, e.fif., nitrogen, siheon, tin, etc. ; and it is also found 
m the case of compounds of which the molecule as a whole 
is asymmetric, although an asjTnmetric carbon or other 
atom may not be present. Thus in the case of the compound 

l-methylcyclohexylidene-4-acetic acid. 


COOH/ 

the molecule of which is represented by the model shown in 
Fig. 45, the groups H and CH 3 on the right lie in a different 
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plane from the groups H and COOH on the left. The molecule 
has no plane of sjrmmetry, and its mirror image, obtained by 
transposing the groups H and COOH on the left, is not 
superposable on, and therefore not identical with, the original 
molecule. These two optically active isomers have been 
obtained.^ Similarly, as van’t Hoff predicted, compounds 
of the allene type, RR'C = C = CRR', which possess no plane 
of symmetry, can also occur in optically active forms. ^ 

Specific and Molecular Rotation. — The angle through 
which a substance in the hquid state or in solution rotates 
the plane of polarised light depends ( 1 ) on the nature of the 
substance, ( 2 ) on the length of layer through wliich the light 
passes, (3) on the wave-length of the light employed, (4) on 

' Perkin, Pope, and Wallacb, J. Chem. Soc., 1909, 95, 1789. 

* Maitland and Mills, Nature, 1935, 135. 994; 1930, 137, 542; J. Chem. 
Soe., 1936. 987. 
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the temperature. In order, therefore, to obtain a measure 
of the rotatory power of a substance, these factors must be 
taken into account. Thus the specific rotation is defined 
as the angle of rotation produced by a liquid which, in the 
volume of 1 ml. contains 1 g. of active substance, when 
the length of the column through wliich the light passes is 
1 decimetre. If the observed angle of rotation is denoted by 
a, the specific rotation, [a], of a homogeneous active liquid 
is given by the expression, 



where I is the length of the column of liquid in decimetres 
and d is the density. If, further, account is taken of the 
other factors on which the rotation depends, viz., temperature 
and wave-length of light, one obtains a number- which, for 
the particular conditions of experiment, is a constant, 
characteristic of the substance. Thus [a]^* represents the 
specific rotation for the D-line (sodium light) at the 
temperature of 25®. 

When the active substance is examined in solution the 
concentration must be taken into account, in accordance 
with the expressions : 


r , 100 . a r . 100 

t . or, [a] = 


a 


l.c l.p.d 

where c is the number of grams of active substance in 100 ml. 
of solution, p is the number of grams of active substance in 
100 g. of solution, and d is the density of the solution. 
In specifying the specific rotation of a substance in solution, 
the concentration and the solvent (which may have a marked 
influence on the rotation *) must also be stated. 

The molecular rotation is given by the expression 

[ilf] = — j where M is the molecular weight. 


In spite of the large amount of investigation which has 
been carried out in this field, comparatively few generalisa- 
tions of a far-reaching character have been obtained. The 
property is almost wholly a constitutive one. 

In the case of certain substances, e.g., sugars, a-nitro- 
camphor, oxy-aoids, etc., the rotation changes with time. 
This is known as mviaroialion, and finds its explanation in 


^ See, for example. Rule, Smith, and Harrower, Chenu Soc,, 1938, 370. 
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tautomeric change or change in the constitution of the 
substance, or in reaction between solvent and solute. 

A phpical theory of optical rotatory power has been developed on a mathe- 
matical basis by .Max Bom, of the University of Edinburgh,* which, when the 
necessary experimental data have been obtained with sufficient accuracy wiJI 
make it possible to predict the absolute rotatory powers of molecules of ^own 
conligumtion. Even if it may not be possible to make such absolute calcula- 
tions wth any great degree of accuracy, the theory of Bom may be appUed to 
the calculation of the relative magnitudes of the rotatory powers of related 
compounds. ' 

G. U^netic Rotation of Polarised Light, — Whereas only those substances 
the molecules of which are asymmetric have the power, under normal con- 
ditions, of rotating the plane of polarised light, it was discovered by Michael 
haraday in 1845 that any transparent substance possesses this property when 
placed ID a magnetic fiehl. In this case the angle of rotation is proportional 
to the mtensity of the magnetic field and to the length of column of Uquid; 
and It depends on the nature of the substance and on the temperature. 

The epecific magnetic rotation is the ratio of the angles of rotation given by 
the substance in question and by a column of water in the same magnetic field, 
when the lengths of the columns are inversely proportional to the densities. 
If r is the rotation of a column of substance of length / and density d ; and 
if Iq, are the corresponding values for water, at the same temperature 

and in the same magnetic field, then the specific magnetic rotation, (to) 

r^ld 

and the molecular magnetic rotation, (i?) a fl^^**^* *, where 18 is the molecular 

lorgla 

weight of water. 

The relations between the molecular magnetic rotation and chemical con- 
stitution were the subject of a long series of investigations carried out last 
century by Sir William Perkin (1838-1907), the discoverer of the first aniline 
dye, mauve, and it was established that while the property is, like the molecular 
refractive power, largely an additive one, it is also markedly alTccted by changes 
in chemical constitution.^ 


H. Absorption of Light by Liquids. — When a beam of 
white light emitted by an incandescent solid is passed through 
a prism, a continuous spectrum or band of colour, passing 
from red through orange, yellow, green, and blue to violet 
is formed. When a vessel containing a liquid is interposed 
in the path of the beam of light, which is then passed through 
a prism so as to form a spectrum, it may be found that the 
visible spectrum is unaltered thereby ; or it may be found 
that certain wave-lengths are absorbed more strongly than 
others, so that certain parts of the spectrum may disappear. 
In the former case the liquid is said to be colourless, and in 
the latter case it is said to be coloured. In the case of a 
coloured substance, therefore, the absorption spectrum will 
show dark areas or bands occupying positions in the spectrum 

• Proc. Roy, Soc., 1035, A, 160, 84. Sae also Lowry, Optical Rotatory Power 
(Longmans). 

* oee W. H. Perkin, •/. Chem. Soc., 1884. 45, 465, and later volumes. 
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corresponding to definite wave-lengths of light ; and by 
reading off, on a scale of wave-lengths, the position of the 
absorption band or bands, the coloured substance can be 
identified. The absorption spectrum of solutions of the 
coloured substance may also be examined and its variation 
with concentration, or thickness of the absorbing layer of 
solution, determined. In this case the solvent must not 
itself show colour or selective absorption in the spectral 
region under investigation. It must also be borne in mind 
that the solvent may cause a shift in the position or a change 
in the character of the absorption bands of the solute. 

In considering the problem of absorption in relation to 
chemical constitution it is necessary to take into account 
absorption not only in the visible region of light w’aves 
(A =4000 -8000 A.)* but also in the invisible regions of the 
ultra-violet (A<4000 a.) and the infra-red (A>8000 a.). 
While it is possible to use the eye for the detection and 
mapping of the spectrum in the visible region, a photographic 
plate or photo-electric cell must be used in the ultra-violet 
and a thermopile, or a specially sensitised photographic 
plate, up 11,000 a. in the infra-red region. Prisms and lenses 
of fused quartz and of rock salt respectively must be 
employed. 


Prom the special point of view of colour in organic com- 
pounds, the investigation of the relation between chemical 
constitution and selective absorption of ultra-violet light has 
shown that saturated compounds usuaUy show a general 
absorption while unsaturated and aromatic compounds show 
selective absorption. Strictly speaking, therefore, such 
compounds are coloured, but the colour is not visible to the 
human eye. The position of the absorption bands, however, 
^n be altered by changes in the structure or constitution, or 
by the introduction of different groups, and the shift of the 
absorption bands may be such as to bring them into the 
region of the visible spectrum. The compound then appears 
visibly coloured. The introduction of the quinonoid structure, 

^ molecule has a powerful influence in 
shiltmg the absorption bands towards longer wave-leneths 
and so m producing visible colour. This is clearly show^ by 

(1 A lYx ** eenoraUy expressed in Angstrom units 

u til® wave-length one may also Me the wavt 


5A 
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the shift of the absorption bands of phenolphthalein (colour- 
less) into the visible region (red) when the quinonoid structure 
is brought about by alkali. Similarly, the azo group and 
certain other groups bring about a shift of the absorption 
bands, although the shift may not in all cases sufiBce to 
produce a visible colour.' 
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From the more general point of view the investigation of 
ultra-violet absorption spectra has shown that in the case 
of related substances similarity in the absorption spectram 
goes hand in hand with similarity in chemical constitution. 
For this reason the determination of ultra-violet absorption 

* A new theory of colour hae been developed by G. N. Lewie and M. Calvin 
(Chem. Bev., 1939, 26, 273). 
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spectra has been frequently used for the purpose of obtaining 
light on problems of chemical constitution ; but the results 
must be interpreted with caution. 


For example^ the constitution of the compound o-oxycarbanil must be 
represented by one of the two alternative formulae : 


NH 


N 


I. C,H4<P>C0. 


II. C,H4<^^C(0H), 


Since it has been shown that the introduction of a methyl or ethyl group 
does not alter the character of the absorption spectrum, one may compare the 
absorption spectrum of o-oxycarbaoil with that of the ethyl derivatives, the 
constitution of which is known. The absorption spectrum is found to resenible 

N 

that of the derivative and to be quite different from that 

N 

of the compound &a shown in Fig. 46. It must bo con- 

cluded, > therefore, that the constitution of o-oxycarbanil should bo representod 
by formula I. 

Similarly, the constitution of carbostyril should be reprosented by the 

. XH=CH 

formula* C,H,^ | and not by the formula I > 

^NH — CO = 


C{OH) 


its ultra-violet absorption spectrum resembles that of tho compound 

/CH = CH 

■N(CH,) 


I 


Although saturated aliphatic compounds do not show 
selective absorption in the ultra-violet they may do so in 
the mfra-red ; and the position of the absorption bands 
may be shifted into the visible region by variation of the 
molecular structure, more especially by the introduction of 
conjugate double bonds. 

^ereas tho absorption spectra in the ultra-violet and 
visible regions mvolve displacements of the valency electrons 
absorption in the infra-red involves displacement (vibration 
and rotation) of atoms in the molecule. The study of infra- 
red absorption spectra throws light on the subtler problems 
of molecular structure, intemuclear distances, etc. 

Quantitative Determination o! Absorption.— While for 
certam purposes the determination of the position of 


i 

S 


Paliatseas. J. Chem. Soc., 1900. 77, 839. 
Hartley and Pobbie, J. CAem. Soe,. 1899, 76, 640. 
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absorption bands in the spectrum may suffice, the quantita- 
tive measurement of the amount of absorption may, in other 
cases, be a matter of importance. This can be done by means 
of a spectrophotometer. 

As light-source one may use an arc between tungsten- 
steel electrodes, which gives a large number of lines well 
spaced throughout the spectrum. From this source one 
beam of light passes through the absorbing liquid of thickness 
d and another beam through an adjustable diaphragm by 
means of which the intensity can be varied. By reducing 
the opening of the diaphragm the intensity of the unabsorbed 
beam can be reduced to that of the absorbed beam at any 
given wave-length. The ratio of the two intensities, IqII, 
can then be obtained from the aperture of the diaphragm. 

The law of the absorption of light was first stated in 
1760 by Johann Heinrich Lambert (1728-77), who found 
that la 5 'ers of equal thickness of a homogeneous absorbing 
medium absorb equal proportions of the light. This is 

expressed by the equation • loge^* where & is a 

constant known as the absorption coefficient and d is the 
thickness of the absorbing layer. This law', known as 
LamberCs Jaw, was extended in 1852 by Beer, w’ho show'ed 
that the degree of absorption of light is proportional to the 
thickness of the layer of absorbing medium and to the molar 
concentration in the latter. That is, log© (/o//)=A;' c . d, 
where k' is the molecular absorption coefficient, c is the 
concentration in gram-molecules per litre, and d is the thick- 
ness of the absorbing layer in centimetres. In practice it is 
usual to make use of the molecular extinction coefficient e, 
which is defined by the expression, 

'=c-Td • 


in w'hich decadic take the place of natural logarithms. That 
is, the molecular extinction coefficient is the reciprocal 
of the tliickness of a laver of a molar solution which will 
reduce the intensity of the transmitted light to one-tenth 
of its original value. It serves, therefore, as a quantitative 
measure of absorption. Absorption curves may then be 
drawn by plotting log € against the wave-length in AngstrSm 
units or against the wave-number. 

I. Dielectric Constant. — When two metal plates, charged 
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respectively, positively and negatively, arc brought near 
each other, the force of attraction between the plates will 
depend on the charge, on the distance between the plates, 
and on the natui'e of the substance between them. Or, 
putting the matter in another way, if the two plates, separated 
by air, are oppositely charged by imparting to them a certain 
amount of electricity, they will assume a certain potential. If, 
instead of air, one introduces sulphur, rubber, etc., between 
the plates, the potential of the plates will fall. That is to 
say, the capacity of the condenser, as the arrangement of two 
metal plates separated by an insulator is called, is increased ; 
and a further amount of electricity can be imparted to the 
plates before their potential rises to its former value. The 
ratio of the capacity of a condenser, when a given substance 
is between the plates, to the capacity when the plates are 
separated by air (or, more correctly, vacuum) is called the 
dieleclric constant of the substance. The higher the dielectric 
constant of a substance, the more will that substance reduce 
the attraction between tw'o opposite charges when interposed 
between them. 

The reduction of the strength of field between two charged 
plates, brought about by a dielectric, may be regarded as due 
(1) to the production of induced charges on neutral molecules 
with consequent polarisation of the molecules (distortion 
polarisation, Pj,) and (2) to the orientation of permanent 
dipoles (orientation polarisation, P^). The polarised molecules 
orientate themselves with their positive charges towards the 
negatively charged plate, and their negative charges towards 
the positively charged plate, so that they oppose and reduce 
the strength of the electric field. 

The dielectric constant varies greatly for different sub- 
stances. Hydrocarbons have a very low dielectric constant, 
while alcohols, nitriles, etc., have relatively liigh dielectric 

constants, as is seen from the numbers in the followinc 
table ^ 


Hydrogen cyanide (liq.) 
Hydrogen peroxide • 
Water • . 

Acetonitiile . « 

Nitrobenzene • 


Dielectric 


Dieleotrio 

Constant. 


Constant. 

05-0 

Uetby) alcohol 

33-0 

03 0 

Benzomtrile 

. 251 

61 0 

Ethyl alcohol 

25-0 

39 0 

Ethyl ether 

. 4-3 

36-0 

Benzeoe . 

. 2-3 


Liquids with high dielectric constant are generally 
associated to a considerable extent ; and there is also a 
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certain parallelism between the dielectric constant of a liquid 
and its ionising power when used as a solvent, as was first 
pointed out by J. J. Thomson and W. Nernst (Nemsi- 
Thomson rule.) 

Determinations of the dielectric constant have in recent 
years gained in importance, owing to the development of the 
Debye-Huckel theory of strong electrolytes (Chap. XIV), 
and owing to the relation between the dielectric constant and 
the polar nature of molecules which is due to the non- 
coincidence of the mean electrical centres of positive and 
negative charges. From the values of the dielectric constant 
it is possible to calculate dipole moments and to obtain an 
insight into the structure of molecules. 

The total molar polarisation P of a gas or vapour is given, 
as Debye showed, by the expression 


_e-l ^ 47rJV 


a + 


4:itN 

3 


3* . T' 


where c is the dielectric constant, a is a constant, character- 
istic of the medium, due to induced dipoles, /x is the dipole 
moment of the permanent dipoles, and k is the gas constant 
per molecule (the so-called Boltzmann constant) and is equal 
to RjN, where JV is the Avogadro number, k — 1 *37 x 10"^* 
erg per degree. The Debye equation has the form P=a+blT, 
and on plotting P against IjT a. straight line is obtained. 
For a non-polar molecule /x is zero and therefore b is zero, 
and the straight line graph will be parallel to the IjT axis. 
If, however, the molecule has a permanent dipole, the 
straight line will be inclined to the IjT axis and the slope b 
will be related to /x as indicated by the above equation or 
/X* = 9fc6/47riV, Consequently, /x = 0-01276 x lO-^^'yb, ex- 
pressed in e.s.u. x cm., if the density is expressed in grams 
per millilitre. The greater the dipole moment, the steeper 
will be the slope. From measurements of the dielectric 
constant of a gas at different temperatures, therefore, the 
dipole moment, which is of importance in the study of 
molecular constitution, can be determined. 

Further, from the relation PT = aT -\-b, it is seen that if 
PT is plotted against 7\ a straight line will be obtained, the 
slope of which is equal to a and the ordinate of which, at 
7^ = 0, is equal to b. 

Since, according to the electro-magnetic theory of light, 
€ =n2, where n is the refractive index for light of long wave- 
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length, the molar polarisation is approximately equal to the 
molecular refractivity determined with visible light. 

Physical Properties and Chemical Constitution. — In the 
preceding pages various physical properties have been dis- 
cussed which, like molecular volume, parachor, molecular 
refractivity, etc., are functions of the molecular weight and 
vary in an ad^tive manner with the composition and 
constitution of a compound. It becomes possible, therefore, 
to calculate, at least approximately, the value of the 
property by adding together various atomic and structural 
constants, and these may be compared with the experi- 
mentally determined value. It should be borne in mind, 
however, that the structural or constitutional constants have 
been derived on the basis of structures deduced from the 
chemical behaviour of compounds, and their validity, 
therefore, is dependent on the validity of the chemically 
deduced structures. Consequently, the values of the physical 
properties caimot be used as absolute or independent criteria 
for deciding problems of chemical constitution, but only to 
confirm or supplement chemical methods, and more especially 
to decide between chemically possible alternative formulse. 

In recent years the application of various physical methods 
has also made it possible to obtain an Insight into the finer 
structure of molecules, of which a brief discussion will be 
given in Chapter VII. 

Uoleculat Association. — Attention has already been 
drawn to the fact that in the case of a number of the molar 
physical properties which have been discussed in the pre- 
ceding pages, certain liquids behave “ abnormally ” ; and 
the abnormal behaviour (deviation from the Trouton Rule, 
low value for the temperature coefficient of molecular surface 
energy, etc.) was attributed to tnoltcvlciT associcitioTi, or 
union of simple molecules, into groups or aggregates of larger 
molecules. Moreover, it was sought, e.g., by Ramsay and 
Shields, to determine the extent of this association, or the 
apparent molecular weight of the molecules in a liquid, 
from the extent to which the liquid deviated in its behaviour 
from that of liquids which were regarded as normal, or non- 
associated. Although these determinations can no longer 
be accepted as quantitatively valid, there can be no doubt 
that molecular association does, in fact, take place. 

idea of molecular association has long been accepted. 
Vapour density determinations, for example, have shown 
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that even in the gaseous state association may take place 
thus tlie vapour density of hydrogen fluoride at 25° corre- 
sponds to a molecular weight more than twice that 
represented by the formula HF, and the vapour density of 
acetic acid, in the neighbourhood of its boiling-point, shows 
that tlie molecule is dimeric, corresponding to the formula 
(CHg.COOHla. In solution, also, as Nernst showed in 1891, 
in the case of benzoic acid dissolved in benzene, association 
of solute molecules may occur ; and modern views regarding 
the electronic constitution of matter and the modem physic^d 
methods of investigating molecular constitution not only 
support the conception of association but help one also to 
understand how tliis association is brought about. 

Liquids which behave “ normally ” in respect of molar 
heat of vaporisation, additive molar volumes, etc., are found 
to consist of molecules w’hich are electrically symmetrical 
and non-polar, and which are held together in the liquid 
state by the so-called van der Waals forces ; forces which 
may be due to interaction between electronic systems. 
Such liquids show, more or less completely, the behaviour 
of “ ideal ” liquids. Polar molecules, however, which have 
a dipole moment, or molecules which are electrically 
un.symmetrical, will tend to form themselves into groups of 
molecules owing to the attractions between opposite dipoles. 
Moreover, it has become clear that association or poly- 
merisation of molecules may take place in certain cases, and 
notably in the case of hydroxylic compounds, owing to 
chemical co-ordination through the action of a “ hydrogen 
bond.” 


Although one has been accustomed to regard the hydrogen 
atom as being univalent and as capable of being attached to 
only one other atom, the view was expressed by W. M. 
Latimer and W. H. Rodebush ^ that, under suitable con- 
ditions, a proton can form a bond between two atoms, this 
bond being known as a “ h 3 ’^drogen bond.” ^ in other 
words, it came to be realised that a h 3 'drogen atom which 
was already united by a covalent bond to another atom 
could, in special circumstances, exercise a further bonding 
action, the strength of this so-called “ hydrogen bond 


* J. Arner. Chem. Soc., 1920, 42, 1419. The occurrence of a hydrogen bond 
was first noted by Moore and WinmiJl, J. Chem. Soe., 1912. 101, 1635. 

* See H. W. Melville. Science Progress. 1939, 34. 100 ; PauUng, The Nature 
of the Chemical Bond (Cornell Univ. Press) ; Trans. Faraday Soc., 1940, 36, 871. 
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being, however, weaker than the normal covalent bond. 
The nature of this bond, due it may be to an attraction 
between dipoles, is not yet fuUy understood, and acceptance 
of its reality rests largely on physical evidence, about 
which, however, there can be little doubt. The bond is 
formed only betw'een tlie most electronegative atoms. 
t.g., fluorine>oxygen>nitrogen>clilorine.^ Increasing the 
electronegativity of an atom increases its power of forming 
hydrogen bonds. Thus the phenols form stronger hydrogen 
bonds than the aliphatic alcohols. 

From the chemical point of view, the association which 
is so frequently observed in the case of hydroxy compounds 
can be regarded as due to the bonding action of the hydrogen 
of the hydroxyl group, the dimer of formic acid, for example, 

being formulated as H.C^ *C.H. The dotted 

^O— 

line represents the hydrogen bond. The associated molecules 
of water and of alcohols, similarly, can be represented by the 
formulae : 

H H 

I I and 

H— O...H— O... H— 6 


R 


R 


It is the hydrogen bond which, in the main, determines the 
magnitude and nature of the mutual interactions of water 
molecules and to which are due the abnormal physical 
properties of water, e.g., high boiling-point, high heat of 
vaporisation, etc., compared with tlie hydrogen compounds 
of sulphur, selenium, and tellurium. 

* The associatioQ of hydrogen fluoride, even in tho gaseous state, is due to 
the strong hydrogen bond. 



CHAPTER VI 

PROPERTIES OF CRYSTALLINE SOLIDS 


If one were asked for a definition of the solid state, one 
would probably quickly answer that a solid is a rigid body 
which does not flow and which possesses a definite shape and 
volume. Such a definition, however, is soon found to be 
unsatisfactory, for the property of flowing is shown by many 
bodies, e.g., sealing wax, which one would certainly class 
as solids. Moreover, even although, generally speaking, a 
solid differs from a liquid in possessing the property of 
elasticity, i.e., of recovering from a deformation when the 
deforming force is removed, this property also is found to 
be too indefinite to separate sharply solids from liquids. 
The classification, indeed, of bodies into solids and liquids 
is itself not a satisfactory one, for amorphous solids, on being 
heated, gradually lose their rigidity and elasticity and pass 
continuously, without any sudden change of properties, into 
liquids. Amorphous solids, therefore, cannot be sharply 
differentiated from liquids. 

Between crystalline solids and liquids, however, a sharper 
distinction can be drawn. In the case of crystals, the 
structural units (atoms, molecules, or ions) exist in definite 
and orderly array in a space lattice (p. 160 ) ; and the orderli- 
ness of internal arrangement makes itself manifest in an 
external orderliness of geometrical forms which are bounded 
by faces inclined to one another af definite angles. In the 
case of liquids, however, even when the atomic or molecular 
units are not distributed entirely at random, there is a 
breaking down of the space lattice and a loosening of the 
intermolecular forces which maintain the rigidity of a 
crystal./ There is, moreover, no continuous change from the 
crystalline to the liquid state, for a crystalline solid has a 
sharply defined melting-point at which it undergoes an 
abrupt change into a liquid. 
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In an amorphous solid the physical properties {e.g., 
thermal expansion, elasticity, solubility) have the same 
values in all directions. Amorphous solids are %jotrojiic._ 
In crystals, however, except in the case of those belonging 
to the cubic system (p. 156), the physical properties have 
different values according to the direction. Such crystals 
are said to be anisotropic. If a sphere of glass, for example, 
is heated, expSnsion takes place equally in all directions and 
the spherical form persists ; but if a sphere of, say, rock 
crystal, is heated, expansion is not the same in all directions 
and an ellipsoid is obtained. 

If the polished surface of a section through a crystalline 
substance is treated for a short time with a solvent, a pattern 
may be produced owing to the unequal rate of solution in 
different directions. The etch figures, as they are called, 
are all alike on similar faces but unlike on dissimilar faces. 
They conform to the S 3 rmmetry of the class to wliich the 
crystal belongs, and by examining them by means of a 
microscope the crystal form of the substance may be 
determined. The production of such etch figures is of 
great importance in the investigation of metals and their 
alloys. 

Formation of Crystals. — ^As the temperature of a liquid 
is lowered, the forces of attraction between the molecules 
gain more and more the upper hand over the disrupting and 
separating action of molecular motion ; and under favourable 
conditions molecule joins itself to molecule, not vaguely and 
uncertainly in loose attachment but in a firm linking together 
at definite points under the action of van der Waals forces. 
Molecular motion still exists but is restricted to a vibration 
or oscillation about certain fixed points. In this way, out 
of the general welter, small groups of molecules are formed 
in definite array. Around each such invisible group of 
molecules other molecules marshal themselves, and the 
structure grows into Xhe visible crystal. 

Crystallisation also may take place from solution. In 
an ordinary solution the molecules of the solute are kept 
apart by the molecules of the solvent ; but as the solution 
is concentrated by evaporation, or as the temperature of 
a concentrated solution falls, the molecules of the solute 
become more crowded, or their kinetic energy diminishes to 
such an extent that the molecules are able to join up into 
crystal units, to which more and more molecules attach 
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themselves in orderly- array and so build up the visible 
crystal. 

The structural units of crj^stals may not only be molecules, 
bound together by van der Waals’ forces, but also atoms 
(e.g., diamond), linked by covalent bonds, or ions {e.g., 
sodium chloride), held together by electrostatic forces. In 
the case of metals, the structural units are positive ions with 
free electrons. The number of free electrons in unit volume 
varies with the temperature. For the most part, metals are 
close-packed assemblages of cubic, body-centred cubic, or 
iiexagonal unit cells, and the bonds between the atoms are 
spatially undirected. Deformation by gliding can thus 
readily take place giving rise to the properties of malleability 
and ductility. 

The production of a perfectly formed crystal, however, 
requires the exercise of great care and the existence of 
favourable conditions. Thus the growth of the crystal 
must be slow in order that the molecules may have time to 
arrange themselves properly ; and the crystal must also bo 
allowed to g^ow freely in all directions. When these condi- 
tions do not exist the crystal becomes distorted in various 
ways, and great divergence from the form of the perfect 
crystal may be observed. The external “ habit ” of the 
crystal may vary greatly. Thus when a thin layer of 
liquid crystallises on a flat plate, growth can take place 
practically in only two dimensions, and flat fan-like or fem- 
like crystals are formed. This is observed, for example, 
when moisture freezes on the window-pane. Such distorted 
crystals are called dendrites,^ or dendritic crystals, from their 
resemblance to tree grow’tlis. The beautiful leaf-like or 
lace-like crystals seen in snow-flakes have been formed 
owing to crystalline growth having been more rapid in certain 
directions than in others. It may, however, be noted that 
although the “ habit ” of a crj’^stal may vary, the crystallo- 
graphic system to which the crystal belongs remains the 
same. 

Presence of impurities also may produce a variation in 
the habit of a crystal. Thus sodium chloride forms “ hopper 
crystals ” when allowed to crystallise from a solution con- 

' From the Greek dendron =a tree. The formation of dendritic crystals 
can be beautifully illustrated by placing a small rod of zinc on a piece of 
paper soaked in lead acetate solution. A tree-like growth of lead is lorroed 
(Evans. J. Hoc. Chem Ind. 102d. 44. 812). 
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taming a small amount of impurity (alum). This behaviour 
finds an important practical application in industry for the 
production of needle-shaped crystals of ammonium sulphate 
which do not cake together. 

Not only may molecules link themselves together into a 
crystalline structure but they may sometimes link themselves 
into two or more different kinds of structure. This is the 
piienomenon of polytnorpkistn. Thus sulphur forms not only 
the well-known rhombic crystals but also needle-shaped 
nionoclinic crystals ; and mercuric iodide crystallises in two 
different forms, one of which is scarlet and the other yellow 
in colour. These different crystalline forms of a substance, 
however, are not equally stable throughout the same range 
of temperature, and the conditions for their stable existence 
will be discussed later (Chap. XVII). 

Melting-point and Freezing-point. — When a crystalline 
solid is heated it passes at a certain definite temperature into 
a liquid ; it melts or fuses. The temperature of the mixture 
of solid and liquid, moreover, remains constant, on further 
addition of heat, until all the solid has melted, owing to the 
fact that heat becomes latent when a crystalline solid melts. 
This is known as the latent heat of fusion. At the melting- 
point the solid and liquid are in equilibrium. 

Since a crystalline solid melts at a definite temperature, 
it might also be expected that when a liquid is cooled down 
to the melting-point of the solid the liquid would begin to 
crystallise. In most cases, however, this does not happen. 
One finds, on the contrary, that it is frequently, and indeed 
generally, possible to cool a liquid considerably below the 
temperature at which the solid melts without any crystallisa- 
tion taking place. The liquid is then said to be supercooled. 
In order that crystallisation shall take place a “ centre of 
growth ” or a crystalline “ nucleus ” must first be formed 
round which the molecules may arrange themselves. In 
most cases, if the cooling is carried out sufficiently slowly, 
nuclei or stable crystal units are formed spontaneously by 
the accidental meeting, it may be, of the molecules in a 
suitable way ; and vigorous stirring assists these favourable 
encounters. The number of nuclei formed increases with 
the degree of supercooling, passes through a maximum, and 
then decreases. In some cases, however, spontaneous forma- 
tion of nuclei may not take place, and it may be necessary to 
introduce a small crystal from the outside in order to start 
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the process of crystallisation. For this purpose the tiniest 
particle (say, one-millionth of a gram) is sufficient. It 
would appear, therefore, that the freezing-point of a liquid, 
unlike the melting-point of a crystalline solid, is rather 
indefinite. If, however, one defines the freezing-point as the 
temperature at which the liquid is in equilibrium with the 
crystalline solid, the temperature becomes quite definite and 
identical with the melting-point. 

It should be noted that crystallisation in a supercooled 
liquid or in a supersaturated solution cannot be initiated by 
any chance solid but only by a crystal of the fused or dissolved 
substance or by a crystal of an isomorphous substance. 
Thus a crystal of sodium acetate will not initiate crystallisa- 
tion in fused sodium thiosulphate, but if a crystal of chrome 
alum is introduced into a supersaturated solution of potash 
alum the latter will crystallise out on the former, since the 
two substances are isomorphous. 

Influence of Pressure on the Melting-point. — The melting- 
point of a crystalline solid varies with the pressure, and the 
change of melting-point with the pressure can be calculated 
by means of the Clausius-CIapeyron equation, 

dT T{v^-v{) 
dp I 

where T is the absolute temperature of the melting-point ; Vj 
and V 2 are the specific volumes of the solid and liquid respec- 
tively ; I is the latent heat of fusion per gram ; dT gives the 
change in the melting-point for a given change of pressure dp. 

If the pressure is expressed in grams per square centi- 
metre and the volume in millilitres, the latent heat must be 
e.xpressed in gram-centimetres. 


In the case of ice and water we have the following data : 7’ = 273® ; specific 
volume of ice (v,) = 1 '091 ml.; specific volume of water (f,) = 1-00 ml. ; I=70-8 
calories =79*8 X 42670 g.-cm. If dp is equal to 1 atm. = 1033-3 g. per sq. cm., 
we obtain, 




273 x( -0 091) X 1033*3 
79-8 X 42670 


-0-00752®. 


Increase of pressure by 1 atm.* therefore, lowers the melting-point of ice by 
about 0*0076®. The value found experimentally is 0-0072®. 


Jn the following table are given the relevant data for a 
number of other substances : — 
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Meltifig'pomt under 
Atmospheric Pressure. 
C. 

ml. ' 

1 

Latent Heat 
of Fusion 
(Cals, per Gram). 

Benzene 

Bcnzopbenone . 

Sodium . « 

Phosphorus . 

Lead • « 

6-4° 

47-8“ 

97-6* 

43 •94° 

327-4° 

01317 
0-0904 
002787 1 

00191 
0-003076 

3018 

23-90 

30-23 

5-03 

5-37 


In the case of water, as we have seen, the melting-point 
is lowered by increase of pressure because contraction takes 
place on fusion (v 2 <Vi). In most cases, however, expansion 
takes place when a crystalline solid melts, and the melting- 
point, therefore, is raised by increase of pressure. The 
effect of pressure on the melting-point is also exceptionally 
small in the case of ice, because the change of volume on 
melting is small and the latent heat of fusion is large. The 
effect of pressure on the melting-point can be predicted 
qualitatively by the theoT&m of Le Chattier (Chap. XII.). 

Velocity of Crystallisation. — When crystallisation is 
started in a supercooled liquid by “ inoculation ” with the 
appropriate solid, the process extends throughout the liquid, 
not instantaneously but with a certain finite velocity, which 
depends not only on the nature and purity of the substance 
but also on the degree of supercooling. It has been foimd, 
in fact, that as the degree of supercooling is increased, the 
velocity of crystallisation increases to a maximum, remains 
constant through a certain range of temperature, and then 
falls off rapidly until it becomes practically zero. The 
supercooled Uquid now has the apx>earance of a solid glass 
and does not crystallise even when brought into contact 
with the crystalline solid. Formerly, it was considered that 
glasses and amorphoxis solids were merely greatly supercooled 
liquids of high viscosity in which the molecules have a 
chaotic and random distribution. Recent investigation, 
however, indicates that this view should now be modified. 
Thus X-ray examination has shown that in silica glass, for 
example, there may be a building up of a silicon-oxygen 
network in much the same way as in a crystalline form of 
silica, but the scheme of co-ordination is a flexible one and 
the umt of structure need not repeat itself identically at 
regular intervals.^ A certain amount of truly amorphous 
material may also be present. 

‘B. E. Warren, Z. KryalaUogr., 1933. 86, 349 ; Phys. Rtv., 1934, 45, 667. 
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When a “ glass ” is maintained for some time at a 
temperature in the neighbourhood of the softening point 
spontaneous crystallisation may set in, and the glass thereby 
loses its transparent vitreous or glassy character. The glass 
is said to undergo devitrification. 


The velocity of crystallisation in a supercooled liquid can be readily 
demonstrated by the following experiment. A glass tube 20-30 cm. in length 
and 8*10 mm. in diameter is sealed at one end and filled with crystallised 
sodium thiosulphate SH^O). The open end of the tube is closed by 

a plug of cotton-wool. The salt is fused by suspending the tube in a long- 
neckod fiask in which water is kept boiling vigorously. ^Vben the thiosulpha^ 
has been completely fused the tube is removed from the heating jacket and 
allowed to cool to the ordinary temperature. If a small crystal of sodium 
thiosulphate is now dropped into the supercooled liquid, crystallisation begins 
at once and advances down the tube at a definite rate. 

One may also prepare a tube in which the lower half contains super- 
cooled sodium thiosulphate and the upper half supercooled sodium acetate 
(NaC 2 H 30 ^, SHjO). If a crystal of soc^um thiosulphate is dropped into the 
tube it will fall through the layer of fused sodium acetate and will initiate 
crystallisation in the layer of supercooled thiosulphate. The supercooled 
sodium acetate, however, does not crystallise until a crystal of this salt is 
introduced. 

The production of a glass and its devitrification can be illustrated in a 
very simple raannor by the use of hippuric acid. A quantity of this compoxmd 
is introduced into a tbin-walled glass capillary tube (melting-point tube), and 
after tbo solid has been melted at as low a temperature as possible (m.p. =188^) 
the open end of the tube is sealed up. The tube is then re-heated in order to 
melt tbo acid again if necessary, care being taken that no crystalline particles 
remain. The tube is then cooled rapidly by plunging it into cold water. A 
clear, rigid glass ** is thus obtained. If the tube is now carefully heated by 
passing it quickly through a small Same or by dipping it in boiling water, 
crystalline nuclei will form and grow until the whole glassy mass has become 
crystallino. 


Atomic and Molecular Heat. — On studying the values of 
the specific heats of the solid elements it was found, in 1819, 
by the French physicists, Pierre Louis Dulong (1785-1838) 
and Alexis Therese Petit (1791-1823), that, with a few 
marked exceptions, the 'product of specific heat and atomic 
'weight (the so-called atomic heat) is nearly constant, and has 
an average value of about 6-2 calories. This means that 
approximately the same amount of heat is required to raise 
the temperature of 1 gram-atom of lithium (6*94 g.) as to 
raise the temperature of 1 gram-atom of uranium (238*07 g.) 
by 1°. This remarkable regularity, known as Dui.ong 
AND Petit’s Law, proved of much value in former times in 
deciding doubtful atomic weights ; a service, however, which 
it is now no longer required to render. This law is illustrated 
by the numbers in the table on page 153. 
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Element. 


Carbon (graphite) 
Sulphur (rhombic) 
Aluminiam 
Copper • 

Iron 

Magnesium 

Silver 

Zinc 

Lead • 

Tin 

Lithium • 
Uranium 


Atomic Weight. 


120 
32 06 
26 <98 
6354 
55*85 
24*32 
107*88 
65*38 
207-21 
118*7 
6*94 
238*07 


Specific Heat 
at 300^ in 
Calories. 


0171 

0*174 

0-217 

0 0925 

0-108 

0-248 

0-0562 

0*0029 

0*0305 

0*0543 

0*941 

0*028 


Atomic Heat. 

c.. 


2-1 

5-6 

5-9 

5 - 9 
60 
6 0 

6 - 1 
6-1 
6-3 
6-4 
6-5 
6-6 


In considering the variations in the value of the atomic 
heat one has to hear in mind that the specific heat, and 
therefore the atomic heat, varies in all cases with the 
temperature, as is indicated by the curves in Fig. 47, in 



which the values of the atomic heat at constant volume are 
plotted agai^t the temperature. As this diagram shows, the 
atomic heat increases with rise of temperature and approaches 
a value in the neighbourhood of 6 calories ; but whereas in 
most oases the atomic heat increases so rapidly with rise of 

.3 . . ^ is attained, or nearly so, at the 

ordinary temperature, the atomic heat curve in the case of 
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carbon, boron, etc., rises much more slowly. It is therefore 
only at temperatures much above the ordinary that in these 
cases the atomic heat approaches the value 6 calories. 

A theoretical basis for the empirical law of Dulong and 
Petit has been obtained, more especially by Debye.^ 

In order to avoid complications due to thermal expansion 
and compressibility one may consider the atomic heat at 
constant volume, C,,, in place of the more commonly deter- 
mined atomic heat at constant pressure.* If it is assumed 
that the N atoms or molecules present in a gram-atom or 
gram-molecule of a crystalline solid oscillate in three 
dimensions about their mean positions in the crystal, then, 
on the basis of the theory of the equipartition of energy 
(7^ = 31? =5*96. To the average kinetic energy of the oscillat- 
ing atoms, which would give C^ = ZRf2, one must add the 
potential energy gained by the displacement of the atoms. 
This is equal to the kinetic energy. Consequently, 0,= 
2 X {3R/2) =3R. This is in harmony with the law of Dulong 
and Petit, bearing in mind that this law refers to the atomic 
heat at constant pressure. 

As the temperature is lowered the atomic or molecular 
oscillations will become smaller and will cease altogether, 
it may be assumed, at the absolute zero.* The crystal will 
now act as a perfectly elastic body and any small addition 
of heat will cause a vibration of the crystal as a whole instead 
of an oscillation of the units. On the basis of tliis assump- 
tion and the laws of elasticity, Debye was able to express 
the relation between the atomic heat and the absolute 
temperature in the form. 



127t*R 

5 


713 

=465 

0 * 


^3 

- 03 ’ 


where T is the absolute temperature and 0 is a constant 
(known as the Debye temperature) which is characteristic 
of the substance, and has the following values : — 

Pb. Ag. Cu. Al. Fe. C (diamond). 
e= 88 215 316 398 453 1860 


» Ann. Phyaik, 1912, 39, 789. See also Scbradingor, Pkysikal. Z., 1919, 
20 420. 

* The difference of atomic heats, wUl depend on the atomic volume 

at the absolute zero, the coefficient of thermal expansion and the compressi* 
billty. For copper, the calculated value of (Cp — Cp) at room temperature is 

6-7 X 10* ergs =0*16 cal. ^ 

• All crystalline solids at temperatures approaching 0 C. possess ream 

or zero point energy of vibration. 
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This equation has been found to hold up to a temperature 

As the temperature is raised, the assumption that the 
crystal as a whole acts as a vibrating body and that the 
structural units are fixed must break down. ^ heat en^gy 
is added to the solid the oscillation of the units about their 
mean positions must increase more and more ; and the 
temperature at which this becomes appreciable and at which, 
therefore, the Debye relation begins to break down, will 
depend on the strength of the crystal forces and also on the 
mass of the structural units. Diamond, for example, which 
has an extremely low compressibility (indicative of powerful 
interatomic forces), has a very high Debye temperature, 
while lead, with a Wgh compressibihty, has a very low Debye 
temperature. In the case of lead, therefore, the atomic 
heat will attain the value 3R at a comparatively low tempera- 
ture, whereas diamond will attain this value only at a high 
temperature. Moreover, the lighter the atoms, the higher 
must the temperature be raised before the energy absorbed 
by the vibrating units becomes appreciable and before the 
limiting value of ZR is reached. 

In the case of good electrical conductors, the electrons 
within the solid also are capable of translatory motion in the 
intemuclear space, and, consequently, they also will contri- 
bute to the specific heat. The value ZR will thus be exceeded 
at high temperatures. 

Molecolsr Heat of Compounds. — ^The law, stated by Franz Ernst Neumann 
(1798-1895) in 1631 and by Hermann Eopp in 1864, that the molecular heat of 
a solid compound is equal to the sum of the atomic beats of the constituent 
elements has been found to be, at beet, only a very rough approximotion to the 
truth. Considerable deviations from the law may be found. 

The Elements ot Crystallography. — Since the physical 
properties of a crystal depend on the orderly arrangement of 
the structural units, a knowledge of, at least, the elements of 
crystallography is important. 

From the orderliness of geometrical structure observed 
in crystals one can infer an orderliness in the arrangement of 
the atoms or groups of atoms of which the crystal is built up. 
If one considers any plane, parallel to a face of the crystal, 
the atoms or groups of atoms must bo regarded as arranged 
in such a way that if they are joined together by straight lines 
a definite self-repeating pattern or network is obtained. But 
the orderliness of atomic arrangement must exist not only 
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in one plane but in space ; and, tlierefore, on joining by 
straight lines the corresponding atoms in the networks of 
different planes, a regular self-repeating space lattice or 
crj’^stal unit will be formed, the unit cell being the least 
volume which contains the pattern. Throughout the whole 
crystal, therefore, there will be a regular repetition of this 
fundamental crystal unit, the structure of which determines 
the angles at w’hich the crystal faces meet, the position of the 
cleavage planes, and the general properties of the crystal. 
Although different crystals of a substance may show differ- 
ences in the growth or development of different faces, the 
angle between corresponding faces is constant. 

In crystals, certain elements of symmetry — a centre of 
sjTnmetry, planes of sj’^mmetry, and axes of symmetry — 
exist, and crystals differ in the number and nature of the 
elements of symmetry they possess. A crystal is said to have 
a centre of symmetry when the faces are arranged in pairs so 
that to each face there is a corresponding parallel face at the 
opposite side of the crystal. A plane of symmetry divides a 
crystal into two geometrically identical parts, of which the 
one is the mirror image of the other ; and an axis of symmetry 
is such that during a rotation of the crystal about the axis, 
the aspect of the crystal is repeated two, three, four, or six 

times during one com- 
'' \ plete revolution. Thus 

\ • / the crystals drawn in 
\ / cross-section in Fig. 48 

12 3 4 are said to have a dyad, 

Fio. 48. triad, tetrad, or hexad 

axis of symmetry, re- 
spectively, because on rotation through 360® round the axis, 
represented by the black dot, the original aspect of the 
crystel is repeated twice, thrice, four, and six times. 

Seven Systems of Crystal Structure. — Crystals can 
be classified into seven systems according to the relative 
length and the mutual inclinations of the crystal axes 
(Fig. 49). The elements of symmetry indicated in the 
table on page 158 will be shown completely only by ideal or 
perfect crystals. 

Miller Indices. — ^The position of a crystal face may be 
defined by its intercepts on the crystallographic axes, the 
ratios of the intercepts being the same for all parallel faces. 
The form of a crystal depends, also, on the angles at which 
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SEVEN SYSTEMS OF CRYSTAL STRUCTURE 


System, j 

t 

t 

K 

/ 

4 

C^ha rac te ridtics. 

/ 



s 

^ ' Examples. 

t 

Axial. 

Symmetry. 

]. Cable .. j • 

l 

1 • 

Three equal axes 
intersecting at 
right angles. 

Nine plane^. 
Thirteen axes. 

1 Diaihond. 

Sodium chloride. 
Alum. 

i / 

2. Tetragonal . \ « 

\ 

• 

t 

1 

Three axes inter* 
secting at right 
angles^ two only 
being of equal 
length. 

Five planes. 
Five axes. 

— ^ 

Tin, 

Potassium ferro- 
q * cyanide. 

3. Rhombic 

(Orthorhombic) 

1 

Three axes inters 
secting at right 
angles ; all un>* 
equal. jl 

Three planes. 
Three axes. 

N 

% 

Rhombic sulphur. 
Potassium nitrate. 

4. MonocUnic (or 

Oblique) 

; 1 
. ' 

\ 

Three une<}\ui3 ^ 

axes, one at 

1 right anglqs r to 
o^er two which 
are obliquAy.in^ 
clined to Mch. 
other. * , 

One plane. 

One axis. 

. ' 

V , 

Monoclmic sulphur. 
Sodium sulphate 
decan^drate. 
Farro^ . sulphate 
y hept^h^drate* 

V \ f /)•. ■ 

5. Triclinie (or 

orthlc) f 

! 

Three ^equal 

axes intersecti 
ing obliquely. U 

!No plane. 
f No axis. 

/ 

% 

Copp€fr 

pent( 

N 

{sulphate 

hy^mte. 

/ 

6. Trigonal (or 
Rhombohodral) 

Three equal ax€il|/ 
in tersec tin ^ 
obliquely m 

angles which 

are equal but * 
not right angles. 

^ Three planes. 
Four axes. 

J— • 

Sodium, nitrate. 

7. Hoxagonaf ' ^ ‘ 

' ' 

% 1 

•1 

Three equal axes 
in the same 
plane and inter* 
secting at angles 

1 \ of 60^, and a 
fourth axis, un- 
/ equal in length 
^aod perpen- 

dicular to the 
plane of the 
other three. 

Seven planes. 
Seven axes. 

i 

\' 

s 

V 

\ 

M£ 

Bg 

1 

\ 

\ 

\ '' 

\ 

^esium. 

iryl. 

iaXtz. 

1 ' 

1 . .. 

i ' ‘ / 

/ , 

1 

i 
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the axes cut, and these axial angles must therefore be 

specified. ' 

If one considers the three axes AA', BB', CC , inter- 
seating at the point 0 (Fig. 60), intercepts on these axes 
towards the front, the 
nght, and upwards are 
regarded as positive ; 
and intercepts towards 
the back, the lefb, and 
downwards are regarded 
as negative, and in- 
dicated by a bar. Jhe b' 
i ntercepts wh ich a char- 
acteristic tace makes on 
these three axes are 
known as parameters 
and are represented by 
a, 6, and c. It is now 
customary to define a 
crystal face in terms 
of these parameters 
divided by the intercepts 

made by the face on the axes. These are known as the 
Miller indices, and were introduced by the crystallographer, 
William Hallowes Miller (1801-80), of the University of 
Cambridge, in 1829. 

Thus if a crystal face is parallel to the A and B axes, 
its intercepts on these will be w a and w 6 respectively, and 
if it makes intercept c on the Qt axi& its Miller indices will be : 



Fio. 50. 


CD a 00 


^ 0:0:1, written (001)* That is, a crystal face 

which is paraUel to a giyen axis wm have the Miller Index 0 
With reference to that axis. 

Again, if a crystal face makes intercepts a : 26 : 2c its 

indices will be : 5 : ^ or, 1 : i : or, 2 : 1 1, written 

(211); and, similarly, a face with intercepts 3a:6; ooc 

wiU have indiees ^ J or, J : 1 : 0, or, (130). 

In crystals of the cubic system the axes are at ri 

^ regular octahedron 

m. (n^.^niuui) “ ' 
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Internal Structure of Crystals. — Since the structural units 
of a cr 3 ’stal are built up in a space lattice, the important 
questions at once arise : What are the dimtensions of this 
space lattice and how are the structural units (atoms, ions, 
or molecules) arranged within it ? How’ is the space lattice 
biiilt up ? The methods by w'hich answers to these questions 
can be obtained were first indicated by experiments which 
were suggested in 1912 by Max von Laue in order to prove 
that X-rays are of the same nature as ordinary light. 

When a beam of w'hite light falls on a glass or metal plate 
on which a regular series of closely spaced parallel lines has 
been ruled, each line acts as a centre from which a secondary 
train of diffracted waves proceeds ; and spectra are produced 
owing to the fact that the angle of diffraction varies with 
the wave-length of the light. It is to diffraction that the 
play of colour in mother-of-pearl is due. Diffraction effects 
are similarly produced by a regular arrangement of small 
particles, like the minute globules of moisture on a bedewed 
glass plate. 

If X-rays are of the same nature as ordinary light, then 
diffraction effects should also be obtained ; but as the wave- 
lengths of X-rays were estimated to be some ten thousand 
times shorter than the waves of ordinary light, ^ a diffraction 
grating with structural units ten thousand times smaller 
than those suitable for ordinary light would be necessary to 
produce the effect. Such a grating, von Laue thought, 
might be formed by the regular arrangement of atoms or 
atomic groups in a crystal ; and the expectation was con- 
firmed experimentally by the German physicists Walter 
Friedrich and Paul Knipping, of the University of Munich. 
A fine pencil of X-rays was passed through a crystal and 
then allowed to fall on a photographic plate. On developing 
the plate a S3nnmetrical arrangement of spots {Lava's spots) 
appeared around the central spot due to the action of the 
direct pencil of rays. The patterns so obtained depend on 
the degree of symmetry of the crystal, and may be com- 
paratively simple, as in the case of rock-salt (Fig. 51), or 
exceedingly complicated, as in the case of kaliophihte, 
KAlSi 04 (Fig. 52). While the production of these diffraction 
patterns proved that X-rays are of the same nature as 

•The wave-length of the D-lino (sodium light) is 5896x10"* cm., or 6890 
Angstr&m units. The wave-length of the characteristic X-rays from pallaaium, 
for example^ is 0*58 a. 



T 
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ordinary light, it also suggested a means \vbereby the atoms 
or groups in cr^'stals might be located in space and the 
dimensions of the space lattice be determined. From a 
study of the Laue patterns, information regarding crystal 
structure could be obtained. 

Another and simpler method for the determination of the 
internal structure of crystals was introduced in 1912 by 
Sir William H. Bragg (1862-1942), at that time Professor of 
Physics in the University of Leeds, and his son, (Sir) 
William Lawrence Bragg, now Cavendish Professor of Physics 



in the University of Cambridge.^ When a beam of X-rays of 
definite wave-length is thrown on the face of a crystal the 
successive layers of atoms, lying in planes parallel to the 
crystal face and equidistant from one another, reflect the 
rays. The rays reflected from the different parallel layers 
will be out of phase and will therefore interfere with one 
another, unless the path differences are equal to an integral 
number of wave-lengths ; in which case, reinforcement will 
take place. The condition necessary for such reinforcement 
can be obtained as follows : — 

If d is the distance between the parallel reflecting 
planes of a crystal, and if AB, DE (Fig. 63) represent a 
beam of X-rays falling on the crystal face at the angle G, 
EBC will represent the path of the reflected rays. In 
order that the ray reflected at E may reinforce the ray 
reflected at B, the path DE -t- EB must be longer than 
AB by tiA, where n is a whole number and A is the wave- 
length of the X-rays. Since BG is drawn perpendicular 

' Se© W. H. Bragg, An Inirodtieticn to Cryttal Analysis (Bell). 

6 
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to the reflecting planes, and BF is perpendicular to EG 
It follows that the path difference (DE+EB-^AB) will 
be equal to (DE + EF +FG - AB) =rG = 2d sin 0. The 
condition for reinforcement of the reflected rays is therefore 

nX = 2d sin 0. 


A first order reflection will be obtained when 7 i = l, a second 
order reflection when n = 2, and so on, the intensity of the 
reflection decreasing as the order increases. If the wave- 
length of the X-rays is known, the distance^^ d betw een 
the successive layers of atoms in the crystals can be deter- 
mined in different directions, and so the dimensions of the 
crystal lattice can be measured. In the case of the more 
complex crystals, the Bragg method may have to be 
supplemented by the method of von Laue. 

When crystals of sufficient size are not available the 



Fio. 54. 

(From Bmgg*A An Jntrodx^ion to Crystal 
AnalysU (O. Bell & Sods Ltd.).) 


pass through a slit A in the 
the X-ray tube is contained, 


method due to Debye and 
Sherrer ^ and to A. W. Hull * 
may be used. A narrow pencil 
of X-rays is passed through a 
layer of powdered crystals and 
the diffracted rays allowed to 
fall on a photographic plate. 
A series of rings is obtained 
and from the spacing of the 
rings the distances between the 
atoms in the crystals can be 
calculated. 

Since the human eye is not 
constructed so as to be able to 
detect X-rays, a photographic 
plate or the property of 
X-rays of ionising gases must 
be utilised in order to detect 
the path of the reflected beam. 
A diagram of the arrange- 
ment is shown in Fig. 64. X- 
rays produced at the target Q 
wall of the lead box in which 
and further definition is given 


to the rays by passage through the slit B. The narrow 


» Phyaikal. Z., 1916, 17, 277. 

* Proe. Nat. Acad. Set., 1917, 8, 470. 
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pencil of X-rays is then reflected from the face of a crystal 
C, mounted on a rotating table, furnished with scale and 
vernier, and the reflected ray passes through the slit D 
into the ionisation chamber, filled with a readily ionisable 
gas (e.j/., vapour of methyl bromide). The ionisation 
chamber revolves about the same axis as the crystal. An 
electroscope connected with a metal plate placed in the 
ionisation chamber out of the path of the X-rays indicates 
the amount of ionisation and therefore the strength of the 
reflected beam. By rotating the crystal, the angle of incidence 
0 is varied, and the ionisation is determined at each setting. 
A sudden increase in the ionisation is shown when the law 
of reflection nX = 2 , d . sin 8 is fulfilled. 

By means of the above X-ray spectrometer one can 
determine the angles of incidence at which maxima of 
ionisation, corresponding to the first and higher order 
reflections, are produced. In the case of reflections &om the 
planes (100) of rock-salt, for example, maxima of ionisation 
were observed for 0 = 5-9®, 11-85®, and 18-15®. The sines of 
these angles are 0-103, 0-205, and 0-312, numbers which are, 
very approximately, in the ratio 1:2:3, in accordance 
with the law, sin 0=n . (XJ2d). From the relation, 
d = X/2 . sin 0 = A/2xO-lO3, the interplanar distance, d(,oo) is 
found equal to 4-85A. 

Determination of the Space Lattice. — In determining the 
space lattice, the system to which the crystal belongs is 
first ascertained by crystallographic measurements. The 
relative interplanar distances in the different possible types 
of lattice are then calculated, and by comparison of thie 
calculated values with the results obtained by X-ray analysis 
the lattice type is determined. To illustrate this, the 
determination of the lattice type occurring in crystals of 
rock-salt may be described. 

Rock-salt crystallises in the cubic system. For this 
system, three lattice types are possible, called the simple 
<^tc, faee-centred cvhic, and body-centred cubic lattices (Fig. 
55). In the simple cubic lattice there is one structural uidt 
at ^ch comer of the cubic cell. In the face-centred lattice, 
which be thought of as four interpenetrating simple 
cubic lattices there is a structural unit at each comer of the 
cubic ceU and one umt in the centre of each face. In the 

bv^thTSfr^ lattice which one may regard as being formed 
by the mterpenetration of two simple cubic lattices in such 
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a way that the comer of one unit lies at the centre of the 
other, there is a structural unit at each comer and one unit 
at the centre of the cubic cell. In these crystals the possible 
cr 3 ^stal faces are (1) parallel to the faces of the cube : plane 



Simple cubic Face*centred cubic Body-centred cubic 

lattice lattice lattice 

Fio. 65- 


(100); (2) perpendicular to the diagonal of a face: plane 

(110) ; (3) perpendicular to the diagonal of the cube : plane 

(111) . These are shown in Fig. 56. 

If, in the simple cubic lattice, the distance between the 
(100) planes is put equal to 1, the distance between the (110) 
planes will be equal to half the diagonal of a face, or ■y/2j2 ; 





and the distance between the (111) planes will be one-third 
of the diagonal of the cube, or \/3/3. These interplanar 
distances are therefore in the ratio 

*^(100) • '^(110) • *^(111) = 1 - 0-707 : 0-577. 

In the case of the face-centred cubic lattice, (100) planes 
pass through the structural units in the centre of the face 
of the simple cube and so divide the cube into two equal 
parts. The interplanar distance will therefore now be half 
that for the simple cubic lattice. Similarly, new (110) 
planes pass through the structural units in the faces of the 
cube (Fig. 57), and so divide the diagonal of the face into 
four parts. The interplanar distance will therefore be 
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cubic lattice, and the interplanar distance will ^ 

■s/313. In the face-centred cubic lattice the interplanar 

distances are in the ratio 

^ d -A • a/ 2/4 : ■v/3/3 = l : V2/2 : S-v/S/S 

O{iooi • “inoi • “luu t • V I V / = 1 : 0-707 : 1-154. 

Lastly, in the case of the body-centred cubic lattice, ( 1001 
planes will pass through the structural 
unit in the centre of the cube and the 
interplanar distance will again, therefore, ^ 

be half that for the simple cubic lattice. ^ 

New (111) planes, passing through the ^ ^ 

central structural unit, will lie midway ^ 0 
between the (HI) planes of the simple j.- / 

cubic lattice. The interplanar distance 57 

will therefore be \/3lG. The number of 
(110) planes is the same as in the simple cubic lattice. 
The ratio of interplanar distances will therefore be 


Pio. 57. 


d(ioo) • ^ 


,uo. : = * ^ V2/2 : V3/6 = l : V2 : V3/3 

= 1 ! 1 *414 ! 0-577 


On determining the intensity of X-ray reflections from 
the faces of rock-salt crystals (Fig. 58),» first order reflections 



0® 5® 10® 15® 20® 25® 30® 35® 40® 


Fio. 68. 


are found at the angles ^ 0 = 5-9°, 8-4°, and 6-2° for the 
planes (100), (110), and (111) respectively. The sines of these 

* W. H. Bragg and W. L. Bragg, X-raya and Cryalal Structure (Bell). 

* In Fig. 58 the absoissie represent the angles through whioh the rotating 
table of the apparatus shown in fig. 64 (p. 162) is turned. These angles must 
be divided by 2 in order to obtain ^e angle of refleotion 6. 
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angles are 0^103, O-MG, and 0 0906; and on calculating the 
mterplanar distances by means of the expression 

\ 

d = 


2 . sin 0’ 


the values 4-855A, 3-425A, and 6-618A respectively are 

obtained. These numbers are in the ratios 1 : 0-706 • 1137 

which correspond to the ratios for a face-centred cubic lattice’ 

It must be concluded, therefore, that in crystals of rock-salt 

the structural umts are arranged in a face-centred cubic 
lattice* 

A The structural units in the crystal may be molecules, 
latoms, or ions, and in the case of rock-salt the accepted view 
lis that the units are sodium and chloride ions and that the 
>sodium ions alternate with chloride ions in the crystal, as 
shown in Fig. 59. Fach sodium ion is surrounded by six 
cliloride ions, and each chloride ion is similarly surrounded 

by six sodium ions. The 
sodium chloride molecule, as 
such, has disappeared. This 
view with regard to the 
nature and arrangement of 
the structural units is in 
harmony with the X-ray 
reflection spectra. 

From Fig. 69 it will be 
seen that the (100) and the 
(110) planes contain an 
equal number of sodium 
and chloride ions and it is 
therefore to be expected that the nature of the X-ray 
reflection spectra for these two planes will be similar. 
That is, the first order reflection should be greater than the 
second, and the second greater than the third. This is in 
harmony with experiment Fig. 58. In the case of the 
(111) planes, however, the alternate planes contain only 
sodium ions or only chloride ions (Fig. 60, shaded planes) 
and the reflections from these alternate planes will differ, 
because the intensity of reflection increases with the mass 
of the reflecting unit. The intensity of the reflections from 
the planes containing only chloride ions will be greater than 
the intensity of the reflections from the planes containing 
only sodium ions. In the case of a first order reflection 



Fio 69. 
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from two chloride ion planes, reinforcement takes place 
when the path difference is equal to one wave-len^h. 
There is, however, another plane contaimng only sodium 
ions midway between the chloride 
ion planes, and for rays reflected 
from this plane the path difference 
will be half a wave-length. 

Interference with the ray reflected 
from the chloride ion plane will 
therefore take place, and if the 
intensity of the two reflected 
rays were equal the one would 
neutralise the other. The intensity 
of reflection from the sodium ion Fio. oo. 

plane, however, is less than that 

from the chloride ion plane, so that the first order 
reflection, although present, is reduced in intensity. In 
the case of the second order reflection, the path difference 
between the sodium ion plane and the chloride ion plane 
is equal to one wave-length, and there will therefore be a 
. strengthening of the reflection. In the case of the third 
order reflection, interference again occurs and the intensity 
of this reflection, in any case weak, is weakened still further, 
and practically disappears. These predictions are in harmony 
with the results of experiment (Fig. 58). 

Whereas potassium chloride shows the same type of 
crystal lattice as sodium chloride, csesium chloride Iras a 
body-centred cubic lattice in which a caesium ion is at the 
centre of a cube of eight chloride ions, and a chloride ion is 
at the centre of a cube of eight caesium ions. 

Another t 3 rpe of cubic lattice is shown by diamond 
(Fig. 62), in which one atom is attached Ui four other atoms. 
The same structural type is found in the case of zinc sulphide. 

No fewer than 230 different groups of crystals are ^own, 
and the particular crystal structure depends on various 
factors, such as the nature of the structural units and atomic 
or ionic radii. 


Determination of the Wave-length of X-rasrs. — In the 
elementary cubic cell of rock-salt shown in Pig. 69, it will 
be recognised that each comer ion is common to eight 
adjacent cubes, so th^t only one-eighth of its mass can be 
regarded as contributing to the mass of a unit cell ; or all 
eight comer ions contribute the mass of only one ion. 
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Similarly, each face-centred ion is common to two adjacent 
cubes, and the six face-centred ions of the unit cube contri- 
bute the mass of three ions. The total mass of chlorine 
tlierefore, associated with a unit cell is equal to the mass 
of four chloride ions. Similarly, the total mass of sodium 
will be equal to the mass of four sodium ions ; and the 
unit cube may therefore be regarded as having a mass 
equal to four molecules of sodium chloride. Since the 
density of rock-salt is 2-17 g. per ml., the mass of the 
unit cube will be 2-I7a3, if a is the length of one side 
of the cube. The mass of four molecules of sodium chloride 
IS equal to 4 x 58-454/6-031 x IQS®, where 6 031 x 1023 is the 
number of molecules in a gram-molecule. Consequently 
2-17a3 = 4 X 58-454/C-031 x 1023, 



4 X 58-454 
2-17 X 6-031 X 1023 


= 178-7 X 10-24 ml. 


and a = 6-632 x 10-® cm. =5-632 a. 

The distance d(ioo) between the planes parallel to the 
(100) face will therefore be 2-816 a., and since it has already 
been found that d<ioo) — it follows that the wave-length 
of X-rays from the particular target used (palladium) is 

A = 2-816 X 10-8/4-85 = 0-581 x lO'® cm. =0-581 a. 


Applications of X-ray Analysis. — ^The method of X-ray 
analysis, the use of which has been illustrated by a discussion 
of the investigation of crystals of rock-salt, has been very 
widely applied in investigating the nature and arrangement 
of the structural units of crystalline substances. Since 
many of the physical properties of crystals are largely 
dependent on the nature of the crystal lattices, the method of 
X-ray analysis gives a means of interpreting these properties 
in terms of the crystalline structure. By tliis means, for 
example, light is thrown on the marked differences in the 
properties of the two allotropic modifications of carbon, 
diamond and graphite. 

The X-ray examination of diamond has shown that its 
structure is based on a faced-centred cubic lattice, with an 
additional atom situated in the centre of alternate cubes of 
the sodium chloride lattice. The structure is that given by 
two interpenetrating face-centred lattices, arranged so that 
an atom of one lattice is surrounded by four atoms of the 
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otlier Each carbon atom, then, is at the centre of a 
regular tetrahedron and is joined to four other atoms 
wliich he at the corners of a 
regular tetrahedron, as represented 
in Fig. 61.1 xhe atoms are all 
spaced at equal distances from 
one another, the distances be- 
tween the centres of adjacent 
atoms being 1‘54 a. The atoms 
are thus bound with equal strength 
by covalence forces to four sym- 
metrically arranged atoms, an ar- 
rangement which serves to account 
for the hardness and nnn-volatility — . Pio. 61. 

o f the di^ond^- lThe whole crystal 

forms, as it were, a “ giant molecule,. ” Moreover, the linking 
of the atoms in the manner described leads to the formation 

of a network of regular hexagons 
(Fig. 62), but the six carbon 
atoms forming a hexagon are 
not all in one plane. 

In the case of grapliite (Fig. 
03) 2 the crystal consists of layers 
of co-planar carbon atoms held 
together by covalence forces and 
forming a network of hexagons 
with interatomic distances of 
1*42 A. The layers constitute, 
as it were, giant molecules in 
two dimensions. The carbon 
atoms of alternate networks lie 
exactly above and below one 
another, but in adjacent net- 
works the atoms are arranged so that half of them lie 
directly above half of the atoms in the lower network 
and the other half lie above the centres of the lower 
network. The four valencies, moreover, are not of equal 
strength. The distance between the layers is not the same 
as the distance between the atoms in the hexagonal networks, 

1 The carbon atoma at the comers of the cube are shown as oiroles, those 
at the centre of the cube faces are shown as black discs, and those on the 
oiagonals of the cube as stippled 

0. Evans, An IntrodwUion to Crytlal ChomioWy (Cambridge University 
6 A 
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but is much greater, namely, 3-41 a. The force acting 
between the different layers of carbon atoms is therefore 
much less than between the atoms of a given layer ; and the 
soft, flaky nature of graphite thus finds an explanation. 

Thermal expansion, also, it is found, is greater in a 
direction normal to the layers of hexagons than in their plane. 

By the X-ray examination of hexamethyl-benzene, the 
presence of a ring of six carbon atoms, inferred on chemical 
grounds by Kekule, has been confirmed ; and the distance 



Fio. 63. 


between the carbon atoms in the ring has been found to be 
1-42 A., as in the case of graphite. ' This applies also in the 
case of naphthalene and anthracene. It has thus been shown 
that the crystal structures of benzene derivatives are more 
closely related to that of graphite than to that of diamond, 
and that the benzene ring is to be regarded as a fiat ring of 
six carbon atoms. In the case of long-chain aliahatio 
compounds, X-ray analysis indicates that the carbon 
atoms have a zigzag arrangement in the chain, in harmony 
with the tetrahedral arrangement in space of the four 
valencies. X-ray analysis of organic compoxmds has thxw 
yielded a verification of the structural formul® which 
had been adopted on purely chemical grounds ; and these 
formul® have gained a degree of reality which they did not 
formerly possess, owing to the introduction of exact metrical 

representation. . , 

The methods of X-ray analysis have also been widely 
applied to the investigation of metals and their alloys, and 

» The O— C bond lengths in benzene have been found, by electron diffraction 
metboda to bo 1 *39 
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of the changes in crystalline structure which take place as 
the result of polishing, mechanical working, and thermal 
treatment. By means of X-ray examination, also, much 
light is being shed on molecular arrangement in apparently 
non-crystalline or amorphous substances. Unstretehed 
rubber, for example, is apparently entirely amorphous ; in 
stretched rubber there is evidence of definite “ fibre 
structure.” So-called amorphous carbons all appear to 
contain small crystalUtes of graphite, the average size 
depending on the source and method of preparation.^ 

Electron Diffraction— According to a theory put forward 
in 1923 by the French physicist Prince Louis de Broglie, a 
moving electron is associated with waves ^ which can show 
interference, diffraction effects, etc. j and the predictions 
from this theory were realised experimentally in 1927 by 
(Sir) G. P. Thomson, and by C. Davisson and L. H. Germer.* 
Electron beams can therefore be used in place of X-rays 
for the investigation of the arrangement of the structural 
units in a crystal. Electron beams, however, are very much 
less penetrating than X-rays, and for that reason are not so 
suitable for the study of solids. They are, however, most 
suitable for the study of surface layers and films and for the 
study of molecular dimensions and configurations in gases ; 
and to their use for this purpose reference will be made in 
the following chapter. 

^ See J» T» Randall, Tht Diffrotiion oj X-rays and Electrons by Amorphous 
Solids, Liquids, and Gases (ChapmaD and Hall) ; C. W. Stillwell, Cryslat 
Chemistry (M*Graw*Hill) ; R. C. Evans, An Introduction to Crystal Chemistry 
(Cambridge Univeraity Press) ; Rooksby, J. Boy. Soc. Arts, 1940, 88» 308. 

’ The wave-length associated with the electrons may be calculated from the 
relstioDship, 

* Bell Telephone Laboratories^ New Jersey 



CHAPTER VH 


MOLECULAR DIMENSIONS AND 
CONFIG UR A TIONS 

It has just been learned how, by means of X-rays, it is 
possible to ascertain the spatial arrangement of the structural 
units of a substance in the crystalline state, and one is 
thereby led, quite naturally, to inquire whether the spatial 
arrangement of the atoms in a molecule and the interatomic 
distances may not also be capable of determination. Experi- 
ment has shown that such determinations can, in fact, be 
made, and that information can thereby be obtained regarding 
molecular dimensions and configurations. 

We shall be concerned here only with molecules formed 
by a covalent linking of the atoms, a linking which was 
claimed by G. N. I^ewis to be the only true li nkin g in 
chemistry and which is dependent mainly on the nature of 
the atoms linked together. Such a link has a definite length 
and strength (measured by the energy given out in its 
formation), and has a certain spatial direction with respect 
to other links. The covalent Link, moreover, is formed by 
the sharing of electrons, and the question of the proportion 
in which the electrons are shared between the two linked 
atoms is of interest. 

For the determination of the length of the covalent 
link, or the interatomic distance (distance between the 
centres of adjacent atoms), various methods may be 
employed. 

(a) X-ray Analysis. — By a technique similar to that 
used in the examination of crystalline powders (p. 160), 
Debye, in 1929, found that X-ray interference patterns 
could be obtained with liquids and with gases, although in 
the case of the former the results, owing to the scattering of 
the rays by the molecules as well as by the atoms, could not 
easily be interpreted. With gases, however, it has been 
found possible, from the interference patterns obtained, to 

172 
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determine interatomic distances as in the case of cry^ 
The experimental difficulties, however, are ^eat, as the 
amount of material in a given volume of gas ^ 

the scattering power therefore mmute compared with that 

f lid 

° ^It^mav be noted that the scattering of X-rays is not 
caused by the atomic nuclei but by the surrounding electrons 
and the interatomic distances which are rneasured are not 
the distances between the atomic nuclei but between the 
centres of action of the electronic orbits. In the case of 
gases the difference between these two distances is appre- 
ciable, and a correction must therefore be appbed to the 

results obtained by means of X-rays. ^ 

(6) Electron Diffraction.— It has already been pointed out 
that a beam of electrons or cathode rays behaves as if the 
electrons consisted of, or were associated with, waves of 
very short wave-length ^ and can be used in place of X-rays 
for the determination of the spatial arrangement of the 
structural units in a crystal. In 1930 R. Wierl showed that 
electron beams are of especial value for the investigation of 
gases and vapours. When a narrow pencil of electrons 
passes through a gas or vapour, the electrons are scattered 
and the interference patterns which are produced by their 
waves (as in the X-ray examination of powders) can be 
recorded on a photographic plate. The method can be 
applied even to gases and vapours under reduced pressure 
and, owing to the greater intensity of the electron beam, 
the period of exposure necessary to obtain the photographic 
image is reduced from a few hours (required for the X-ray 
method) to a fraction of a second.® 

(c) Spectroscopic Mdhods. — ^Information regarding inter- 
atomic distances and molecular configuration can also be 
obtained from a study of molecular spectra. Whereas 
comparatively simple line spectra, due to energy transitions, 
brought about by the drop of an electron from an orbital of 
higher to one of lower energy, are emitted by atoms, molecules 
yield band spectra, a band being formed by a large number of 
fine lines crowded together. Although lines due to electronic 
transitions are found, spectra are also observed in the 


* The WBTe-IeDgth U given by the expression \=hfmv. where h >s Planck’s 
constant^ m is the mass, and v the Telocity of the electron. 

* See J. T Randall, Diffnctum of X-ray$ and BUctronA by Amorphous 
Solids^ Liquids, and Oases ; N. V* Sidgwiok, The Covalent Link in Chemistry 
(Cornell Umveraity Preee). 
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iiifra-red region due, on the one hand, to changes in the 
energy of rotation of the molecule and, on the other hand 
to changes in the energy of vibration of the constituent 
atomic nuclei. Of these, the rotation-vibration spectrum is 

the most important and has been most widely studied 

generally as an absorption spectrum — owing to the fact 
that it lies mainly in that part of the infra-red which is 
nearest to the visible spectrum, while the pure rotation 
spectrum lies in the far infra-red. By the use of specially 
sensitised plates some of these rotation-vibration absorption 
spectra can be studied photograpliically up to about 1 1 ,000 a. 

While it is not possible to discuss here the detailed theory 
of these molecular spectra, it may be said that the difference 
in frequency, Av, of two successive rotational lines in the 
vibration spectrum is equal to where h is Planck’s 

constant and I is the moment of inertia of a diatomic 
molecule. If, therefore, the moment of inertia of the molecule 
is determined spectroscopically, the internuclear distance can 
be calculated, because the value of I depends on the masses 
of the atoms (which are known) and on the distance between 
them. Owing to difficulties in interpreting the band spectra 
the method has been applied, so far, only to the simpler 
molecules. 

The spectroscopic method has been supplemented more 
especially by Sir Chandrasekhara Venkata Raman. In 
1923 the German physicist Adolf Smekal predicted, on 
theoretical grounds, that if a beam of monochromatic light 
is passed through a transparent substance, a scattering of 
the light by the molecules of the substance will take place, 
and that in the scattered light there will be radiations of 
different frequencies from those of the incident light. These 
frequency differences are characteristic of the scattering 
medium. Tliis alteration of frequency was verified experi- 
mentally by Raman in 1928, and is generally known as the 
Sinekal-Rarnan effect. From a study of the Raman spectra 
valuable information regarding molecular structure can be 
obtained.^ 

From the results of spectroscopic investigations it is 
possible, in the case of the simpler molecules, not only to 
determine interatomic distances but also to get information 

‘ See J. H. Hibben, The Raman Effect and ita Chemical Applications lAmer. 
Chem. Soe. Monographs ) ; G. B. B. M. Sutherland, Infra-red and Raman Spectra 
(Methuen). 
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molecuiar dimensions 

about the shape of the molecules. In the case of a simple 
molecule of three or four atoms it is possible, theoretically, 
to calculate interatomic distances and valency 
provided aU the moments of inertia are ^own. Thus it 
is found that the molecule of carbon dioxide is rectilinear, 
that the molecules of v'ater and of sulphur d^o^nde are 
triangular, the molecule of ammonia is pyramidal, and the 
molecule of carbonyl chloride is Y-shaped. 

Dipole Moments and Molecular Structure. — If m the 
formation of a covalent link between two atoms the two 
electrons are shared equally between the two atoms, the 
resulting molecule will be electrically symmetrical, neutral, 
and non-polar. If, however, the two shared electrons 
constituting the single covalent linkage are not shared 
equally between the two atoms, then one atom will have an 
excess of positive electricity associated with it and the other 
an excess of negative electricity. The molecule will be 
polar and will possess a dipole moment equal to the charge 
on one of the atoms multiplied by the distance between the 
atoms. The existence of a dipole moment is evidence of an 
unequal sharing of the electrons, and the magnitude of the 
dipole moment will be a measure of the electrical asymmetry 
or of the degree of polarity of the molecule. -Since unit 
electric charge is equal to 4*8 x 10“^® e.s.u., and since the 
molecular diameter is of the order 10“® cm., the dipole 
moments will be of the order 1 x 10“^® e.s.u. = 1 Debye 
unit (d.). 

Dipole moments, as has been pointed out, can be 
calculated from determinations of the dielectric constant 
of the substance as well as by other methods ; and since 
dipole moments are a measure of the electrical asymmetry 
of molecules, valuable information concerning the shape of 
molecules and the directions of the valencies relatively to 
one another can be obtained from their study.^ 

Molecular Dimensions and Configurations. — few illus- 
trations may now be given of the application of the physical 
measurements just discussed to the elucidation of molecular 
dimensions and configurations. 

Elementary molecules, e.g., Hj, Og, are found to have no 
dipole moment and, consequently, there is, as one would 
expect, a uniform sharing of the electrons. The molecules, 

^ See C. P. Smyth, Dieleeirio ConstanU and MoUcular Strwiwt (Chem. 
Catalog Co.) ; R. J. W. Le Fftrre, Dipole JdomenU (Methuen). 
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however, of diatomic compounds such as carbon monoxide 
hydrogen chloride, etc., have dipole moments. For hydrogen 
chloride the dipole moment is 1-04 d., the distance between 
the atoms, calculated from the band spectrum, being 1-28 a 
In the case of a triatomic molecule of the type AB 
one may conclude that if the molecule is linear, the electric 
moments of the two bonds will be equal in magnitude and 
opposite in direction, and wiU thus neutralise each other 
1 he molecule wUl have no dipole moment. This is found to 
be the case with carbon dioxide, for the molecule of which, 

tlierefore, one must assume a linear structure, O C o’ 

The distance between the carbon atom and each of the 
oxygen atoms is I-IS a. Unlike carbon dioxide, the molecule 
ot water is found to have a dipole moment of 1-84 d. The 
molecule, therefore, cannot be linear but the two valency 
bonds must be inclined, as shown by band spectra, at an 
angle to each other, thus : 


O 



Ihe dipole moment will be equal to 2 m cos ^0 where m is 
the moment of a single O — H link. For water, the angle 
0=105® 6 ' and the O — H link is 0'970 A. A similar 
configuration is found in the case of hydrogen sulphide. 

The tetratomic molecule, BClg, is found to be non-polar, 
and it must be presumed, therefore, that all four atoms lie 
in a plane and that the angles between the three valencies of 
boron are equal. Ammonia, NH 3 , however, has a dipole 
moment of 1*46 D., and the molecule, therefore, forms a 
triangular pyramid with the nitrogen atom at the apex. 
The height of the pyramid is 0*52 a. 

Methane and carbon tetrachloride are non-polar, in 
harmony with the tetrahedral grouping of the four hydrogen 
atoms or the four chlorine atoms round the carbon atom. 
From electron diffraction measurements the interatomic 
C — Cl distance is 1*83 a. and the Cl — Cl distance 2-98 A. 

Lastly, the molecule of formaldehyde, H.CHO, is found 


to have a Y-shape, O — C<^ 


H 


H 
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In the field of stereochemistry great advances have been 
made during the present century through the application of 
the physical methods described in the preceding pages. Thus, 
from a study of the dipole moment, for example, it is possible 
to distinguish between cis- and /ra?w-isomerides {e.g., maleic 
and fumaric acids), since the ctiS'forra, 


H.C.COOH 


H.C.COOH 

will have a dipole moment, whereas the trans-form, 

H.C.COOH 


HOOC.C.H 

will not.^ 

Further, determinations of atomic size and of valency 
angles are of much importance in the study of an optical 
activity which is dependent on restricted rotation within the 
molecule. Thus by means of the physical methods already 
discussed, diphenyl, CaHg.CaH^, is shown to consist of two 
flat benzene nuclei joined coaxially, and capable of free 
rotation about the common axis. Such a molecule is sym- 
metrical and cannot be obtained in different optically active 
forms. If, however, the hydrogen atoms of the two benzene 
rings are substituted in the ortho-positions to the connecting 
bond, optically active molecules can be obtained if the dimen- 
sions (atomic radii) of the substituting groups are sufficiently 
large to interfere with one another and prevent free rotation 
about the common axis. In this case the molecule cannot be 
wholly planar, and it therefore becomes asymmetric and 
capable of existing in optically active forms. These spatial 
or stenc effects are of much importance.® 

Resonance.— The development during the present century 
of wave m^echanics® has proved of great importance in 
chemistry, for on the basis of that concept (which cannot be 
discussed here) it is possible to calculate the properties of 
some of the simpler molecules at least. Of importance for 
chemistry, more particularly, is a principle of 
structure which has been deduced on the basis of wave 

I ^ - *926, 27, 764. 

» qI, Progreu, 1936, 81. 29. 
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mechanics, the principle of resonance (or mesomerism as it 
has also been called). On the basis of wave mechanics it 
can be shown that if two electronic structures of almost 
equal energj’^ are possible for the same molecule, the normal 
state of the molecule is neither the one nor the other of the 
two separate states but a linear combination of the two. The 
molecule is to be regarded as having a structure intermediate 
between the two, and not expressible by the ordinary 
structural formulae. The molecule, therefore, exhibits some 
of the properties of each of the two possible electronic 
structures. 

The occurrence of resonance produces a characteristic 
shortening of linkages, or a reduction of the “ atomic 
radius ” ^ ; and it may be that the shortening of the C — C 
link in benzene, 1*39 a. as compared with 1-42 a. in graphite, 
may be due to resonance. The fact that the benzene 
molecule has no dipole moment indicates that it consists of 
a flat ring of carbon atoms with the electrons regularly 
distributed as a result of resonance. The theory of resonance, 
therefore, leads to the view that in benzene the bonds 
between adjacent carbon atoms are identical and not 
alternately double and single.® 

^ Since the interatomic distance is the distance between the centres of two 
linked atoms, the atomic radius ** of an atom may be taken as half the inter- 
atomic distance between two like atoms. 

* See L. Pauling, The Nature of the Chemical Bond (Cornell University Press,) 



CHAPTER VIII 


DILUTE SOLUTIONS AND THEIR COLLIQATIVE 
PROPERTIES. OSMOSIS AND OSMOTIC 
PRESSURE 


Osmosis and Osmotic Pressore. — One of the most notable 


properties of gases, it was learned, is the property of diffusion, 
owing to which a 
out the whole space offered to it. The molecules of a liquid, 
or of a substance in solution, also possess this property ; but 
the process of diffusion in liquids takes place much more 
slowly than in the case of a gas, for the molecules of a liquid 
are crowded more closely together, and the mutual collisions 
are therefore more frequent. 

That diffusion does take place in liquids can be demon- 
strated by carefully bringing a layer of water on the top of 
a concentrated solution of copper sulphate or of potassium 
permanganate standing at the bottom of a cylinder. In the 
course of time it will be found that the coloured solute has 
diffused upwards into the water, while at the same time water 


gas can distribute itself uniformly through- 


has diffused downwards into the solution. The same process 
can be illustrated by pouring the deep-blue coloured solution, 
obtained by adding excess of ammonium hydroxide to a 
solution of copper sulphate, into a test-tube containing a 3 
per cent, gelatine jelly. After a time the coloured solute will 
have diffused some dktance into the jelly. 

When solvent and solution are brought together diffusion 
takes place, because the concentration of the solvent and 
solute molecules is not the same in the two layers ; the 
solvent and solution are not in equilibrium. In carrying 
out the experiment as described above, however, one cannot 
^m^h between the diffusion of the solvent and the 
diffusmn of the solute. The foUowing experiment, therefore, 
may be carried out. A parchment paper “ thimble ’* is 
firmly attached to a glass tube, as shown in Fig. 64, and a 
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moderately concentrated solution of cane sugar in water is 
passed into the apparatus through the side tube a until 
the level rises to a certain point in the narrow glass tube. 
The parchment paper tube is then immersed in pure water. 
Since the parchment-paper membrane is permeable to both 

the solvent and the solute, diffusion can still 
take place ; and after some time it is found 
that the level of the solution in the apparatus 
has risen, thereby producing a hydrostatic 
pressure. 

The production of such a pressure, first 
observed in 1748 by the French Abbe, Jean 
Antoine Nollet (1700-70), a Professor of Physics 
in Paris, indicates that water molecules diffuse 
through the parchment-paper membrane more 
rapidly than the solute molecules do ; and as 
the hydrostatic pressure is produced by a 
process of osmosis, a term which we owe to 
the French physiologist Ren6 Joachim, Henri 
Dutrochet^ (1776-1847), it was called an 
Fio. 64 . osmotic 'pressure. Since the membrane of 

parchment paper is permeable to the sugar 
molecules as well as to the molecules of water, the 
hydrostatic pressure cannot be permanent, and the level 
of the liquid in the osmometer — as the apparatus may be 
called — after rising to a certain height, will fall until the 
level of liquid outside and inside the osmometer is the 
same. This will occur when, through osmosis, uniform 
concentration of solution has been established throughout 
the liquids inside and outside the osmometer. 

Since the osmotic pressure produced in the experiment 
just described is due to a difference' in the relative velocity 
of osmosis of solvent and solute Ipblecules, it is clear that m 
proportion as the membrane becomes relatively less and less 
readily permeable to the solute, the observed pressure will 
increase. It is, however, possible to imagine a membrane 
which, while still permeable to water molecules, is quite 
impermeable to solute molecules ; and with such a membrane 
called by van’t Hoff a semipermeable membrane — osmosis 

‘ Dutrochet appUod the terms endoamose and exo$mo$e to the 
dirceted diffusion currents. The single term osmosis is now 

to denote the process of diffusion of a liquid through a menibrane or permeabi 
septum. The term is derived from the Greek ewmes^a push. 
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can, of course, take place only on one direction namely, 
inflow of water into the solution. The process of osmosis, 
however, cannot go on indefinitely, for, as the hydrostatic 
pressure inside the osmometer increases, or as the Pressure 
In the solution increases, it tends to force the solvent back 
again through the membrane. That is to say, the mechanical 
or hydrostatic pressure produced by the osmosis of water 
into the solution opposes the force causmg the osmosis, 
and when the two become equal, osmosis %y ill stop, ihe 
hydrostatic or osmotic pressure produced with such a mem- 
brane as has been postulated here is an equilibrium pressure, 
and is no longer temporary but permanent. The pressure 
so produced is, moreover, the nmarmwm pressure which can 
be attained with the given solution. It is to tliis maximum 
pressure that the term osmotic pressure of a solution is now 

applied.^ , r u 

The osmotic pressure of a solution, theretore, may be 

defined as the equivalent of the hydrostatic pressure which is 
produced when the solution is separated from the solvent by a 
semipermeable membrane, or, as the equivalent of ihe excess 
pressure which must be applied to the solution in order to prevent 
the passage into it of solvent through a semiperrneable membrane. 
It is a measure of the difference wliich exists between the 
free energy (Chap. XIII) or the activity of the solvent in 
the pure state and in the solution. It is to this difference of 
activity, which manifests itself also, as we shall learn, in a 
difference of vapour pressure, that osmosis is due ; and in 
the case of dilute solutions the initial rate of osmosis is pro- 
portional to the osmotic pressure of the solution. Similarly, 
if solutions of the same substance but of different concentra- 
tion are separated by a semipermeable membrane, solvent 
will flow from the less concentrated to the more concentrated 
solution, until the concentration of the two solutions becomes 
the same, or until a hydrostatic pressure is produced equal 
to the difference between the osmotic pressures of the two 
solutions. When solutions of different substances are 
separated by a semipermeable membrane (i.e., a membrane 
impermeable to the solutes in both solutions), solvent will 

^ It may be mentioned that the term ** osmotio presaure of a aolution ** is 
not strictly correct. A solution does not» in itself have any osmotio pressure^ 
for this is a hydrostatic or mechanical pressure produced by osmosis under the 
conditions described above— that is. it is osmosis (hat produces osmotic pressure 
and not the osmotic pressure which produces osmosis. The osmotic pressure is a 
measure of the force producing osmosis. 
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flow from the solution of lower osmotic pressure to the solu- 
tion of higher osmotic pressure, until the solutions become 
isosinotic or have an equal osmotic pressure. 

The conception of the osmotic pressure of a solution it 
is clear, will have no real value — for one will not be able to 
measure it — unless it is possible to obtain a semipermeable 
membrane. Fortunately such a membrane can be obtained 
wliich is semipermeable for certain solutions at least. 

The first membranes found to possess the property of 
semipermeability are those surrounding animal and vegetable 



cells ; and with 
such membranes 
experiments were 
made by the Dutch 
botanist Hugo de 
Vries.' When the 
epidermal cells of 
the leaf of certain 
plants, e.g., Trades- 
cantia discolor, are 


Fio. 65. 


examined under a 


microscope it is, 

seen that the cells are normally pressed against the cellulose 
sheath by wliich they are surrounded, so as to produce a 
certain tenseness or turgor (Fig. 65, A). If the cell is now 
placed in a solution of sucrose, containing 7*5 per cent, or 
more of sugar (a solution the osmotic pressure of which is 
greater than that of the cell sap), water will pass out from 
the cell, w'hich will then contract away from the sheath of 
cellulose (Fig. 65, B and C). This is the phenomenon of 
plasmohjsis. By bringing cells of the same kind into solutions 
of different concentration one can determine the concentra- 


tion at which plasmolysis ce ases or is just detectable. Such 
solutions are then said to be isotonic with or capable of 
producing the same pressure or turgor in the cell as the cell 
sap. If the plasmatic membrane surrounding the cell is 
impermeable to the dissolved substances, isotonic solutions 
will also be isosmotic.^ It was by such measurements that 
tlie osmotic pressure of solutions was first studied. 

Red blood corpuscles, similarly, have been used for this 


^ Z. physxkal. 1888» 2, 415. 

* Tho term isotonic was uaed by de \^r]es aa synonymous with isosmoUCt 
but it Ib better now that a distinction should be drawn between the two terms. 
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purpose When introduced into pure water or into a solution 
containing less than 0-9 per cent, of sodium chloride, human 
red blood corpuscles swell, and in some cases burst, owing to 
the diffusion into them of water, but if introduced into a 
solution containing more than 0-9 per cent, of sodium chloride 
they lose water, shrink, and become “ crenated.” A 0-91 per 
cent, solution of sodium chloride is isotonic with human 
red blood corpuscles. 

Measurement o! Osmotic Pressure. — While the osmotic 
experiments with animal or vegetable cells were of much 
importance in biology they were of little value for a general 
study of the osmotic properties of solutions ; but in 1866 
Moritz Traube (1826-94), in Breslau, showed that the pre- 
cipitation membrane of copper ferrocyanide, formed when 
solutions of copper sulphate and potassium ferrocyanide are 
brought together, is semipermeable to solutions of cane sugar 
and of certain other substances. It is with such a membrane 
that most direct measurements of the osmotic pressure of 
solutions have been carried out. 

In order to obtain a membrane sufficiently strong to 
withstand a pressure of several atmospheres, the German 
botanist Wilhelm Pfeffer (1845-1920), in 1877, produced a 
precipitate of copper ferrocyanide in the walls of a porous 
battery-pot by filling the pot with a solution of copper 
sulphate and standing it in a solution of potassium ferro- 
oyanide. Diffusion of the salts took place, and where the 
two salts met in the walls of the pot a gelatinous precipitate 
of copper ferrocyanide was formed : and this precipitate, 
being supported by the material of the pot, was found 
capable of sustaining considerable pressures. 

A sketch of Pfeffer’a apparatus is shown in Fig. 66. The 
porous pot z, containing the solution of which the osmotic 
pressure is to be measured, is connected with a closed 
manometer m by means of the tube t and the collars v and r. 
The pot is then placed in pure water kept at a constant 
temperature. In the course of a short time the pressure 
inside the pot is shown by the manometer to increase, and 
ultimately to become constant. The constant pressure thus 
produced represents the osmotic pressure of the solution. 

The osmotio pressure of a solution depends on the total molar concentration 
of the dissolved suhatanoes (see later), whereas the tonicity depends on the 
molar concentration of those solutes which do not pass through the particular 
plaf^tio membrane. Substances to which the membrane is permeable do not 
produce plaamolyBia. 
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The measurements carried out by Pfeffer, although of no 
great accuracy, indicated that the osmotic pressure is pro- 
portional to the concentration 
and that it increases with rise of 
temperature. As experimental 
support for a theory of solutions 
these measurements became of 
the greatest importance. 

The vanH HoS Theory of 
Dilute Solutions. — In the course 
of an investigation of the laws 
of chemical equilibrium in 
solutions, the Dutch chemist 
Jacobus Henricus van’t Hofi 
(1852-1911), in 1885, became 
impressed by the profound 
analogy wliich exists between 
gases and solutions, provided 
that for the ordinary pressure 
of gases one substitutes, in the 
case of solutions, the so-called 
osmotic pressure.^ Moreover, 
his attention having been drawn 
to the osmotic experiments of 
Pfeffer, van’t Hoff recognised 
that the conception of osmotic 
pressure and of semipermeable membranes allows of the 
second law of thermodynamics being applied with ease 
and clearness to the theoretical investigation of the quantita- 
tive relations between the properties of solutions and their 
concentration . 

The experiments of Pfeffer having indicated that the 
osmotic pressure of a solution is proportional to the con- 
centration, van’t Hoff pointed out that if one regards a 
dissolved substance as analogous to a gas and the osmotic 
pressure as produced by the bombardment of the semi- 
permeable membrane by the molecules of the solute, the 
proportionality betw’een pressure and concentration follows, 
as in the case of a gas. Even if osmotic pressure be regarded 
as due to an attraction between solvent and solute molecules, 
its value will also be proportional to the number of attracting 
molecules in unit volume, provided that the solution is so 
» See Z. phyaikal. Chem., 1887, 1, 481 ; Phil. Mag., 1888, 26, 81. 
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dilute that the dissolved molecules exercise no attraction on 
one another and that each one exerts its own special attrac- 
tive action, uninfluenced by its neighbours. Tins law ot 
proportionality between osmotic pressure and concentration 
is analogous to Boyle’s law for gases, and is known as the 
Boyle-van’t Hoff Law for solutions. It is illustrated by 
the values of the osmotic pressure of solutions of cane sugar 
at 0® determined at Oxford by the Earl of Berkeley and 


Concentration 
(Grams per 
Litre). 

a 

Volume in Litres 
in ’cv’bicb 1 Gram* 
molecule Is 
Dissolve d. 

K. 

Pressure in 
Atmospheres. 

P. 

p 

C‘ 

PV. 


34*2 

0C5 

O0C5 

22-2 


171 

1-27 

OO&l 

21-7 


7-60 

2*91 

0065 

22-1 

93-76 

365 

6*23 

0067 

22-7 


p 

As is clear, the ratio is constant. 

C 

By the method of Carnot’s thermodynamic cycle (Chap. 
XVII), and by employing the conception of a semipermeable 
membrane, van’t Hoff deduced that the osmotic ‘pressure must 
be proportional to the absolute temperature ; but in making 
this deduction the important assumption teas introduced that 
the solution is so dilute that the heat effect on further dilution 
is negligible. This theoretical deduction is also borne out by 
the experiments of Pfeffer as well as by the more recent and 
exact determinations of H. N. Morse (1848-1920) and his 
collaborators at Johns Hopkins University.* This is shown 
by the numbers in the foUow'ing table, which refer to a solution 
of cane sugar containing 32-6 g. per litre. 



Temperature (Cent.). 

0® 

B1 

10* 

IS" 

20“ 

! 26“ 

Osmotic pressure (P) . 

2-43 

2*45 

2*60 

2-64 

2*59 

2“63 

P 







^xlOOO .... 

8-90 

SSI 

8*83 

1 

1 

8-82 

8*84 

S“83 


fAvter. Chtm. J., 1901. 26, 80, et teq . ; The Oemotie Pressure of Aqueous 
Solutions (Carnegie Institution, Washington) ; Findlay, Osmotic Pressure 
(Longmans). 
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The above numbers show that the osmotic pressure is 
proportional to the absolute temperature, and that the law 
of variation of the osmotic pressure with the temperature is 
therefore analogous to Gay-Lussac’s law for gases. It is 
known as the Gay-Lussac-van’t Hoff Law. 

Since the osmotic pressure of dilute solutions is pro- 
portional to the concentration, or inversely proportional to 
the volume in which a given amount of substance is dissolved, 
and since, also, the pressure is proportional to the absolute 
temperature, van’t Hoff was able to w’rite PV = {iR).T, 
an expression which is analogous to that which is found to 
express the behaviour of a perfect gas. In this expression (iH) 
is a constant characteristic of the dissolved substance. 

But a further step was taken by van’t Hoff. By the 
aj)plication of thermodjmamics to the case of a gaseous 
solute which obeys Henry’s law, and by postulating the 
existence of semipermeable membranes, one of which is 
permeable only to the solvent while the other is permeable 
only to the gaseous solute, van’t Hoff deduced the important 
generalisation that the osmotic pressure of a solution is equal 
to the pressure which the dissolved substance would exercise 
in the gaseous state if it occupied a volume equal to the volume 
of the solutiem. In other words, the law of Avogadro applies 
also to dilute solutions. This deduction, however, is valid, 
in the first instance, only in the case of infinitely dilute solu- 
tions and in the case of gaseous solutes which obey Henry’s 
law (Chap. XVII), t.e., wliich exist in the same molecular 
state as a gas as in solution ; and it involves, also, the 
assumption that the vapour of the solvent obeys the gas 
law’s. By reason, however, of the fact that the analogy 
between dilute solutions and gases extends to the laws of 
Boyle and of Gay-Lussac, the possibility immediately sug- 
gested itself that Avogadro ’s law would apply not only in 
the case of gaseous but also in the case of other solul^, 
and that therefore the value of the factor {iR) in the equation 
PV = iR . T would have the same numerical value per 
gram-molecule as the constant R of the gas equation. That 
is to say, i would be equal to unity. This remarkable 
suggestion w’as shown to be valid not only by the osmotic 
pressure measurements carried out by Pfeffer but also by 
determinations of the freezing-point and boilmg-point of 
solutions, to which reference will be made in the 
chapter. Confirmation of the validity of tho van t Hoff 
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suggestion is afforded also by the more recent determinations 
of osmotic pressure by Lord Berkeley and E. G. J. Hartley. 
From the table on page 185 it is seen that the mean value 
of the product PV is 22*2 litre-atmospheres, and if one 
divides this by the absolute temperature 273^, one finds 
t'iJ =0-0813, a number agreeing to within 1 per cent, with 
the value of the constant R (=0-0821). 

The ATOgadro theorem applied to solutions can also be tested in the follow* 
iQg way. In the case of gases, it wad learned that at a temperature of 0 ^, 1 
gram-molecule of a gas exerts a pressure of 76 cm. of mercury when it occupies 
a volume of 22,400 ml. The analogous law applied to solutions would bo : 
At a temperature of 0^ the osmotic pressure of a solution would bo 76 cm. of 
mercury (1 atm.) when it contains 1 gram •molecule of solute in 22,400 m). 
of solution. From the table on page 185 one finds that a solution of cane sugar 
containing 1 gram*molecule in 34,200 ml. has, at 0^, an osmotic pressure of 
0*65 atm. or 49*4 cm. of mercury. Therefore if 1 gram-molecule were dissolved 

in 22,400 ml., the osmotic pressure would be — ='75*4 cm.* a number 

in sufiBciently close agreement with the theoretical value 76 cm. 

Determination of Molecular Weights. — According to the 
laws of van’t Hoff for dilute solutions, the osmotic pressure 
depends on the molar concentration, or the number of 
gram-molecules of solute in a litre of the solution, and is 

represented by the expression P = ■■ ^ ■ , where n is the number 

of gram-molecules of solute in volume V of solution. Equi- 
molecular solutioTis of all substances, therefore, have the same 
osmotic pressured The osmotic pressure, clearly, is a 
colligative property, and from determinations of the osmotic 
pressure of a solution of known concentration one can 
calculate the molecular weight of a substance in solution. 

Thus a solution of cane sugar containing 10-0 g. in 1 litre or 224 g. in 
^,400 mL was found to have, at 0*, an osmotio pressure of 49-4 cm. of mercury. 
How many grams of cane sugar would have to bo dissolved in 22,400 ml. in 
order to give a pressure of 70 cm. t This is given by 

224 x 70 „ 

- 45 :^ =5^6 g. 

The molecular weight, therefore, is approximately 346. The correct value U 342. 
The moleculsT weigit ^y. of course, also be calculated by means of the 

expression P=-^=_. _ where w is the weight in grams of the solute in 

the vol^e V of solution and m is its molecular weight. If P is oxnreased in 

tt> . Jir 10 X 0-0821 X 273 

PV 0-66x1 

of Th, behaviour 
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Owmg to manipulative <lifficultics and to the difficulty 
of obtaining truly seniipermeable membranes, measurements 
of osmotic pressure are not a generally practicable means of 
determining molecular weight values," although the method 
is used for determining the molecular weight of high pol}Tner 
molecules. 

The Osmotic Pressure of Concentrated Solutions.— 
Although the earlier experiments of Pfeffer were in harmony 
with the theoretical laws deduced by van’t Hoff for dilute 
solutions, they were too few in number and insufficient in 
accuracy to yield a satisfactory control of the deductive 

theory, or to define the limits of con- 
centration within which such theory 
could claim validity. During the earlier 
part of the present century, however, 
direct measurements of the osmotic 
pressure of solutions over a wide range 
of concentration were carried out with 
great care and with a high degree of 
accuracy by various workers, more 
especially by H. N. Morse, J. C. W. 
Frazer, and their collaborators in 
America, and by the Earl of Berkeley 
and E. G. J. Hartley in England. 

Morse and his collaborators em- 
ployed essentially the method of 
Pfeffer, but they very greatly im- 
proved both the apparatus and 
the method of working. For the 
highest pressures the apparatus was 
given the form shown in Fig. 67. 
The seniipermeable membrane was 
deposited on the outside of the porous 
pot A, which was firmly clamped inside 
a bronze cylinder B, into wliich, also, 
the manometer tube C was securely 
fixed. The solution was placed outside 
the porous pot, in the bronze cylinder, 
Fio. 67. and the pot was kept full of water. 

Although a glass manometer could be 
used for pressures up to 100 atm., higher pressures were 
measured by means of an electrical resistance gauge based 
on the principle that the resistance of certain conductors 
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to an electric current increases with pressure in a nearly 
linear manner. 

The method employed by Lord Berkeley and E. G. J. 
Hartley, however, is essentially different from that of Morse. 
Instead of measuring the pressure developed in a cell by the 
passage inwards of the solvent, Lord Berkeley and E. G. J. 
Hartley subjected the solution, separated from the solvent 
by a semipermeable membrane, to a gradually increasing 
pressure, until the solvent, which at first flows into the 



solution, reverses its direction and is squeezed out. The 
tur^g.pomt at which the pressure on the solution is just 

equwalent of the osmotic pressure of the solution. 

J.ne apparatus is represented in section in Fie. 68 The 

me^rbr^e'S®/^’ of which the semipermeable 

CG f IS firmly fixed in a gun-metal cage 

S the ?u^ AB manometer. The inside 

or the tube AB is filled with water and is connected with an 

Xte/Seh'th™ “'® ’’y the direction of dot of 

water through the semipermeable membrane is indicated. 
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In the tables below are given the values of the osmotic 
pressure of cane-sugar solutions at 20° and at 0° deter- 
mined by Morse and his collaborators and by Lord Berkeley 
and E. G. J. Hartley respectively. 

In the top table the numbers in the first column give 


OSiMOTIC PRESSURE OF SOLUTIONS OF CANE SUGAR AT 20° 


Weight 

Normal 

Concentration. 

Volume 

Normal 

Concentration. 

Osmotic 

Pressure 

Observed. 

(Atmospheres.) 

Osmotic I 
Atmosphere 
accorc 

van’t HoS. 

?^res3ure in 
s, calculated 
ling to 

Morse. 

01 

0 098 

2-59 

2-34 

2-39 

0-2 

0-192 

5-06 

4-59 

4*78 

0-4 

0-369 

10-14 

8-82 

9-56 

0-6 

0-533 

15-39 

12-72 

14*34 

0'8 

0-684 

20-91 

16-36 

19-12 

10 

0-83r> 

26-64 

19-73 

23-90 


the number of gram-molecules of solute dissolved in 1000 g. 
of solvent, and the values given in the last column are 
calculated on the assumption that the osmotic pressure 
is equal to the pressure which the solute would exercise if it 
existed as a gas in the volume occupied by the solvent at 4°, 
not by the solution as according to the van’t Hoff theory. 

OSMOTIC PRESSURE OF SOLUTIONS OF CANE SUGAR AT 0° 

(Ivord Berkeley and E. G. J. Hartley) 


Volume Concentration 
(Grams of Sugar in 

1 Litre of Solution). 

Osmotic Pressure in Atmospheres 

1 

Observed. 

Calculated 
according to 
van’t Hoff. 

32-6 

2*23 

2-13 

90-1 

6-85 

6-2 

176-8 

14-21 

12-0 

256-7 

21-87 

18-0 

540-6 

67-74 


659-6 

10013 

1 46-0 

761-4 

134-84 

52-8 


Besides the high pressure osmometers there is a low 
pressure type specially designed for measuring the molecular 
weights of high polymeric substances (see Chap. XIX) where 
the value may rise to one million or even more. Here there 
are two difficulties to be overcome. The osmotic pressures 
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are extremely small, e.g., of the order of 1 mm. of mercury ; 
diffusion of dissolved molecules is very slow. A general 
design is shown in Pig. 69. Here the membrane is clamped 



Fio. 60 . 


of which is suitably grooved. 
The blocks ca^ glass capiUary tubes to enable the pressure 
to be observed. Also connected to the blocks is a system of 
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valves so that the osmometer may be (illed with liquid with- 
out introducing air bubbles. For organic solvents it is 
customary to use diaphragms of cellulose, suitably swollen 
and prepared, so that the solvent diffuses through rapidly 
but the high molecular weight substance is prevented from 
passing through. The action of such membranes does not 
appear to be selective, for the more highly swollen the cellulose 
the more readily the solute passes through. In fact the 
molecular weight limit lies around 10,000. With smaller 
molecules appreciable penetration occurs. This kind of 
construction allows of a high membrane area-volume ratio 
so that equilibrium is attained in a reasonable time. Even 
so this may take as long as twenty-four hours, A d 3 rnamic 
method has thus been employed. From preliminary experi- 
ments the approximate value of the osmotic pressure is 
known. By means of tlie valve sj'stem the levels of the 
meniscus in the capillaries are adjusted first above and second 
below the equilibrium value. At each setting the velocity of 
movement of the meniscus is measured, and the results 
plotted as shown in Fig. 70. The mean position of the points 
at given time intervals is then plotted as a function of time 
and it will be seen that this time approaches the equilibrium 
value very soon. The time required for obtaining results is 
thus cut down. In addition the diffusion of solute through 
the membrane is kept at a minimum. 

It has been pointed out that the van’t Hoff laws of 
solutions were deduced only for very dilute solutions, and 
the numbers given in the preceding tables show that these 
laws have a very restricted validity. Even when the 
concentration is not greater than about deci-molar, the calcu- 
lated value of the osmotic pressure is appreciably lower than 
the observed value. As the concentration increases, the 
divergence between the observed and calculated values 
becomes increasingly greater. 

With regard to the validity of the Gay-Lussac-van’t 
Hoff law, it is found in the case of sucrose solutions, that 
while the osmotic pressure increases proportionally with 
the absolute temperature up to about 25®, this simple 
proportionality is no longer found at temperatures above 25®. 

General Theory of Ideal Solutions. — Since the van’t Hoff 
theory of solutions was put forwai’d as applying only to 
dilute solutions, and has been found to have only a very 
restricted validity, many attempts to formulate a more 
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general theory of solutions have been made. Owing to the 
analogy between dilute solutions and gases, it w’as thought 
by many that the osmotic pressure is, like the gas pressure, 
kinetic in its origin and due to the bombardment of the 
semipermeable membrane by the solute molecules. It was 



sought, therefore, to correct the simple van’t Hoff equation 
very much as van der Waals corrected the simple gas 
, equation. But this must be regarded as a very illogical 
method of procedure. The osmotic pressure, it seems 
certain, is not a bombardment pressure but is due to the 
inflow of solvent into the solution, and this inflow takes place 
because there is a difference between the “ activity ” of the 
solvent in the pure state and in the solution. This difference 
of activity can be measured not only by the osmotic pressure 
but also by the diminution of the vapour pressure (see later), 
and the laws of concentrated solutions (variation of activity 
with temperature and concentration) can be deduced inde- 
pendently of the concept of osmotic pressure. So far as a 
general theory of solutions is concerned, therefore, the concept 
7 
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of osmotic pressure is now largely of historic interest, and 
any importance which it may possess is due mainly to the 
fact that it is a concept, the meaning of which can be readily 
grasped. The quantitative laws of solutions, however, 
deduced thermodjmamicallj% i.e., on the basis of energy 
changes, are quite independent of the phenomena of osmosis 
altogether. 

In his deduction of a theory of solutions, van’t Hoff 
introduced the simplifying assumption that the solutions 
were very dilute. One may, however, while retaining the 
concept of osmotic pressure, introduce the assumption that 
the solutions are ideal. By ideal solutions one understands 
solutions which are formed when the constituents have 
normal molecular weight^ and mix without any change of the 
total volume and without any heat effect or chemical interaction. 

Introducing the assumption that the solution is ideal 
and the further, only approximately valid, assumption that 
the vapour of the solvent follows the laws of a perfect gas, 
one can deduce the following general expression for the 
osmotic pressure of a solution ^ ; — 


P = -p-[ -loge(l -X)]. 

In tliis expression, Vq is the molecular volume of the 
solvent under normal pressure and x is the molar fraction 
of the solute, or the ratio yi^ljiy+n^. where n^ and n^ are 
the number of gram-molecules of solute and of solvent 
respectively in the solution.® In deriving the above 
expression, the compressibility of the solution was neglected. 

On expanding the logarithmic expression one obtains — 




V. 


or 


P = 


RT 


( 




+ \\ 




) 


+ 


l 


This expression has been found to hold fairly closely in 
the case of mixtures of hydrocarbons and of other closely 


^ That iSf the same molecular weight aa in the state of vapour. 

• See also E. A. Guggenheim, Aloderti J'htrmodyiuimicB by iht Methods of 
Willard Oibbe (Methuen). 

• It should be noted that the value of ia given by where W is the 

weight of solvent in grama and M is the molecular weight of the solvent in the 
MtaU of vapour. 
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related and non-associated liquids, the properties ^ 

S'ol^ holevS are found between the values of the 
osmotic pressure of aqueous sucrose solutio^ calculated by 
mTns o? the above ^expression and the ■ 

and these discrepancies are not surpnsmg, for th® solutions 
of sucrose possess none of the properties of sobit^ons 

From the discrepancies, indeed, one may infer that chemical 
Ltion. e.g., formation of hydrates, takes place between the 
solvent and the solute, or that other changes occur w^ch 
betray themselves in heat effects and alteration of volume. 

A comparison of the above equation with that of van t 
Hoff will show clearly the nature of the simplifymg 
assumptions introduced, and wiU explain the inadequacy of 
the van’t Hoff equation when applied to concentrated 

solutions. ^ * u-i. 

When one assumes that the solution is very dilute, then 

the expression becomes practically equal to — , being 

^ n^+n^ ^ 

negligible in comparison with 74. In this case, moreover, the 
fraction becomes small, and consequently ( ^ - ) 

74+74 VI 

and higher powers of the fraction become negligible. For 
very dilute solutions, therefore, the expression given above 

reduces to P=^ . But 74^0 represents the volume of 

F© 74 

water in the solution,^ and this, in the case of dilute solutions, 
can be put equal to the volume of the solution itself. For 
the limiting case of very dilute solutions, therefore, one 

^ rt UT’ 

obtains the van’t Hoff equation where V is the 


volume of the solution. 

Action o! the Semipermeable Membrane. — ^Various views 
have been expressed regarding the mode of action of a semi- 
permeable membrane. According to the oldest view, put 
forward by Moritz Traube, a semipermeable membrane 
acts as an " atomic sieve ** allowing molecules of certain 
dimensions to pass through but preventing the passage of 
larger molecules. Except with reference to high polymer 


^ ThiA affords some explanation » at least, of the somewhat closer agreement 
between the observed osmotic pressures and the values calculated by Morse 
on page 190» 
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solutions, however, this view may be said to have passed 
completely out of favour. 

According to another view, the membrane is regarded as 
consisting of fine capillarj" tubes, the pore diameter of which 
is so small that the whole capillary is under the influence of 
surface forces. The adsorption effects shown by colloidal 
membranes are selective in nature, and a copper ferrocyanide 
film takes up water rather than sucrose from aqueous 
solutions of the latter. One thus finds an explanation of the 
permeability of the membrane to water but not to sugar. ^ 

The explanation of semipermeability wliich is most 
widely accepted, however, is that of selective or preferential 
solubility. The membrane is permeable to those substances 
wliicli dissolve in it and is impermeable to those substances 
which are insoluble in it. Tliis explanation was first 
suggested in 1855 by Michel Lhermite (1817-57). 

It is most probable that the different Wews of the action 
of semipermeable membranes are not mutually exclusive. 
Each explanation may be correct within limits. In some 
cases the membrane may act through capillarity and by 
selective adsorption or the formation of slightly stable 
comi^ounds ; in other cases the explanation may best be 
found in selective solubility. 

^ This explanation is faToured by S. Fordbam and J. T. Tyson who have 
shown, by electron diffraction experiments, that membranes of copper ferro- 
cyanide are crystalline (J. Chem. Soc., 1937, 483). 



CHAPTER IX 


DILUTE SOLUTIONS AND THEIR COLLIGATIVE 
PROPERTIES. LOWERING OF THE VAPOUR 
PRESSURE 


It has already been pointed out that the osmotic pressure of 
a solution is a measure of the difference of the free energy 
or activity of the solvent in the pure state and in the solution ; 
and the osmotic work P V represents the energy required to 
separate, isothermally and reversibly, a volume V of solvent 
from a dilute solution having the osmotic pressure P by 
means of a perfectly semipermeable membrane. The same 
volume of solvent can, however, be separated from the 
solution in other ways, e.g., by evaporation ; and in this 
case the free surface layer of the solution acts as a semi- 
permeable membrane when one is dealing with a non-volatile 
solute. There must, therefore, be a definite relationship 
between the osmotic pressure and the vapour pressure of a 
solution, so that if one determines the vapour pressure of a 
solution relatively to that of the pure solvent one can calcu- 
late the osmotic pressure of the solution. It follows from 
this that the lowering of the va/pour pressure is a colligative 
property by means of which the molecular weight of a solute 
can be determined. This deduction, which is supported, as 
we shall learn, by experimental evidence, is of very great 
importance, for it makes it possible to study the quantitative 
properties of solutions in the case of a great variety of 
solvents and over a wide range of concentration and tempera- 
ture, by means of measurements which can be carried out 
with greater accuracy than can the direct measurements of 
osmotic pressure. 

The Vapour Fiessnie o! Solutions. — ^That the vapour 
pressure of a liquid is always lowered by the solution in it 
of another substance has been known for a very long time j 
and in the case of non-volatile solutes, the investigations of 
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Lambert von Babo in 1847, and Adolf WtiUner (1835- 
1908) m 1856, indicated that the lowering of the vapour pressure 
is proportional to the amount of dissolved substance in the 
solution (Wullner’s law) ; and that, for one and the same 
solution, the lowering of the vapour pressure at each temperature 
is the same fraction of the vapour pressure of the pure liquid 
(Babo’s law).» Algebraically these laws can be expressed 
in the form 


P~P 

P 


= k . w. 






nil 


II 




^ I 4 





k 
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where p and p' are the vapour pressures of the solvent and 

solution respectively, and w is the 
weight of solute in grams. 

That a solution has a lower 
vapour pressure than the pure 
solvent can be demonstrated by a 
simple experiment. Ether and a 
saturated solution of salicylic acid 
in ether are sealed up in two thin- 
walled glass bulbs which are 
placed in small bottles, closed by 
rubber stoppers (Fig. 71). Through 
these stoppers pass a brass rod 
and the end of a U-tube contain- 
ing coloured water. By opening 
the three-way taps to the air, it is 
ensured that the pressure in the two bottles is the same and 
that the water stands at the same level in the two limbs of 
the U-tube. The taps are then closed, and the bulbs are 
broken by means of the brass rods. On turning the taps so 
as to make connection between the bottles and the U-tube, 
a difference in the level of the water in the two lim bs of the 
U-tube will indicate the difference of vapour pressure of the 
solvent and the solution. 

The earliest investigations of the lowering of vapour 
pressure were carried out with aqueous solutions of salts 
(electrolytes), and complications, due, as will be explained 
later, to ionisation, were introduced, so that clear-cut laws 
could not be established. In 1886, however, rran 9 oi 8 
Marie Raoult (1832-1901), Professor of Chemistry in the 
University of (irenoble, by investigating the properties of 

^ This law will hold only when the beat of dilution is zero. 
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solutions of non-electrolytes and also by employing solvents 
other than water, was able to establish general laws of a 
simple character.^ Expressing concentration not in terms 
of grams but of gram-molecules of solute, Raoult found 
that the relative lowering of vapour pressure of a given 
solvent is proportional to the molecular concentration of the 
solute, or 

p m 

where w is the weight in grams of solute in a given weight of 
solvent and m is its molecular weight. The following values, 
obtained with solutions formed by dissolving w grams of 
solute in 100 g. of ether, will illustrate the law : — 


Solute. 

m. 

£ p-p',r 

P ^ 

Cyanamide 

42*0 

0-74 

Ajiiline 

93*0 

0-71 

Benzoio acid 

122*0 

0-71 

Trichloracetio acid 

163*5 

0-71 


The value of ^ in the above expression represents the 
relative lowering of the vapour pressure produced when 1 
gram-molecule of solute is dissolved in 100 g. of ether. 
For each solvent, K has a characteristic value. It follows 
from the above law that, for any given solvent, the relative 
lowering of the vapour pressure produoed by equimolecular quan- 
tities of different solutes is the same. The relative lowering of 
the vapour pressure is thus a colligative property, and can be 
employed for the determination of molecular weights. 

A second and more general law was also established by 
Raoult, namely : The relative lowering of the vapour pressure 
is equal to the ratio of the number of gram-molecules of solute 
to the total number of ^am-molecules in the solution, i.e., w 
equal to the molar fraction of the solute. Thus we have 


or 


p * 

p -p' _ wM 
p wM + Wm' 


* Compt. rend., 1886, 1.03, 1125 et eeq.x Z. vihunkal Chem 1888 Z. 353* 
.<inna^ cAtm. 1888 (6), 15, 376; 1890. aof 297. ’* ’ ’ 
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vvhere m; and W are the weights of solute and solvent respec- 
tively, m IS the molecular weight of the solute in the solution, 
and M is the molecular weight of the solvent in the state of 
vapour. N 2 is the molar fraction of the solute. For very 
dilute solutions, when is negligible compared with n,, 
the above expressions reduce to ’ 

p -p' _n^_wM 
p Wm' 

By means of this expression the molecular weight of a 
substance can be calculated. 


Thus, on dissolving 1 g. of cyanamide (M.W. =42) in 100 g. of ether 
(M.W. =74), the relative lowering of the vapour pressure was found to bo 0-0176. 

"=o;om^=“' 

Similarly, when 108-24 g. of mannitol (M.W. = 1821) wore dissolved 
in 1000 g. of water at 20% the lowering of the vapour pressure ijp—p') 
was equal to 0-1860 ram. of mercury.* Since, at 20% p = 17-64 mm., 

'’-^'-O I»«’ = 0 01060, and therefore » 183 . 7 . 


17-64 


0-01060x1000 


Ideal Solutions. — In the case of an ideal solution of two 
components it can be shown that, if it is assumed that the 
vapours of the constituents follow Boyle’s law, the vapour 
pressure of each constituent is, at constant temperature, 
proportional to the molar fraction of that constituent. 
Consequently, in the case of a solution of a non-volatile 
solute, the relative vapour pressure of the solvent will be 
equal to the molar fraction of the solvent in the solution ; 

that is, — = — ^ — , or . N,, where N, is the molar 

p n^+nz 

fraction of the solvent. From this, Raoult’s law can be 

P-P' _ ^ ■ 

p p 

This law will be valid, therefore, only in the case of an 
ideal solution, or in the case of very dilute solutions, the 
behaviour of which approaches to that of an ideal solution. 
The law may, in fact, be taken as giving a definition of an ideal 
solution.^ 

The Relation between Vapour Pressure and Osmotic 
Pressure. — The simplified Raoult law for dilute solutions. 


deduced, for we have 1 — 1 ^ — , or 


* Frazer, Lovelace, and Rogers, J. Amer. Chem. Soc., 1920, 42, 1801. _ 

* For d discuBSion of the tbeoretica! bafiis of Raoult*8 law, eoe QuggeDheun, 
Trans. Faraday Soc.^ 1937, 33f 161. 
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? can be derived from the van’b Hoff law of osmotic 

p rt^ 

pressure in the following manner ; — 

A solution, we shall suppose, is placed in the osmometer A, 
which is closed by a semipermeable membrane, and is 
immersed in pure water (Fig. 72), The solution rises to such 
a height h in the tube that the hj'drostatic pressure is equal 
to the osmotic pressure. The whole apparatus is supposed 
to be covered by a bell-jar B, from which the air has been 
removed, so that only vapour of the solvent is present. It 
is assumed also that constant temperature is maintained. 
When equilibrium has been established the 
vapour pressure of the solution p' at its 
surface x must be equal to the pressure of 
the water vapour in the surrounding space at 
the same level, othenvise processes of dis- 
tillation or condensation would occur. These 
would produce concentration or dilution of 
the solution and so lead to osmosis through 
the semipermeable membrane. Since equili- 
brium is assumed, however, this cannot take 
place. 

The pressure of the water vapour at x, 
which is equal to the vapour pressure of the 
solution p', must be less than the vapour 
pressure p at the surface of the solvent by the 
pressure of the column of vapour of height h. If, therefore, d 
is the density or weight in grams per millilitre of the vapour, 
the pressure of the column of vapour will be h . d, and, 
consequently, p -p' = h . d. 

If it be assumed that the vapour obeys the gas laws, the 
volume V, occupied by 1 gram-molecule of the vapour under 
a pressure p and at the absolute temperature T, will be 

« = and the density of the vapour will therefore be 

d=^ = ^±lP 

V RT ’ 

where M is the molecular weight of the solvent in the state 
of vapour. It has, however, been found that d— , and 

therefore p ~p'=h . or =h . — 

HI p 

7A 



Fio. 72. 
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Since the osmotic pressure of the solution is equal to the 
hydrostatic pressure of the column of solution of height k 
we have P = k . s, where s is the density of the solution ; or* 
since the solution is supposed to be very dilute, s may’also 
be taken as the density of the pure solvent. Substituting 

the value of /i=— in the preceding equation, one obtains the 


relation 


or 


p -p' _ P . M 
p s . RT' 

P^ P-P' s 

p‘M 


Since, in the above deduction, the volume has been ex- 
pressed in millilitres, the value of R expressed in millilitre- 
atmospheres will be 0 0821 x 1000 (p. 46). 

The following example will illustrate the application of the above relation.^ 
At 20® the lowering of the vapour pressure in the case of a solution containing 
0*0984 gram-molecule of mannitol in 1000 g. of water was found to be 
0*0307 mm., the vapour pressure of pure water being 17*639 mm. The density 
of water at 20® is 0*9982. The osmotic pressure of this solution is therefore 


calculated to be Ps 


0*0307 0*0821 X 1000 x 293 x 0 99S2 


= 2*33 atmospheres. 


17*54 18 

The osmotic pressure of a solution containing 0*1 gram-molecule in 1000 
g. of water was found by direct measurement to bo 2*395 atmospheres. 


sRT 
M 


For a given solvent at constant temperature, the quantity 
is constant. Consequently, the relative lowering of the 


vapour pressure is proportional to the osmotic pressure, and 
is independent of the nature of the solute.* 

Experimental Determination of the Lowering of the 
Vapour Pressure. — In recent years the most accurate 
measurements of the low’ering of the vapour pressure of a 
solvent have been made either by a static or by an air- 
saturation method. The former method, which consists in 
measuring directly, by means of a suitable pressure gauge, 
the difference of vapour pressure of pure solvent and solution, 
has been highly perfected by the German physicist, Conrad 
Dieterici,® by J. C. W. Frazer and B. F. Lovelace,* of 
Johns Hopkins University, and by others. The air-saturation 

^ Frazer, Lovelace, and Rogers, «/. Amtr. Chtm, Soc»f 1920, 42| 1801. 

* For a fuller discussion of the relation between osmotic pressure and 
the lowering of the vapour pressure, see Findlay, Osmotic Pressure (Longmans). 

» Ann. Physik. 1893, 60, 47. 

« J. Amer. Chem. Soc., 1914, 36, 2439. A static method has also been 
developed by A. W. C* Menzies, J. Amer, Chem. Soc., 1010, 32, 1615. 
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method, first suggested by Wilhelm Ostwald (1853-1932), 
Professor of Physical Chemistry, University of Leipzig, and 
worked out by James Walker, ^ has been perfected by 
Lord Berkeley and E. G. J. Hartley,® by E. W. Washburn 
and E. W. Heuse,® and by others, and has found application, 
to a greater extent perhaps than any other method, for 
the accurate determination of the lowering of the vapour 
pressure of a solvent by a non-volatile solute. In this 
method air is passed over or through first the solution and 
then the pure solvent at such a rate that it becomes saturated 
with the vapour. When the air is passed over or through the 
solution it takes up vapour in an amount which is pro- 
portional to the vapour pressure of the solution at the 
temperature of the experiment ; and on then being passed 
through the solvent it takes up a further amount of vapour 
which is proportional to the difference of the vapour pressures 
of solvent and solution. Thus, if the vessels containing the 
solvent and the solution respectively are weighed, one 
obtains the relation 

Loss in weight of solution _ p' 

Loss in weight of solvent p-p'' 

In accurate w'ork a number of precautions must be taken 
and corrections introduced which cannot, however, be 
discussed here. 

As in the caee of a pure liquid, the vapour pressure p' of a solution can also 
be determined by the eaa-saturation method by applying Dalton’s law of partial 
pressures (p. 46). This method has been succea^ully employed by J. N. 
Pearce and R. D. Snow to determine the vapour pressure of solutions of 
mannitol.* 

Determination of Molecular Weights. — ^The method may 
be applied in a simple form for the determination of the 
approximate molecular weight of a non-volatile substance in 
solution. Thus, we have 

V‘ _ P 

P-P' P-P' Tig 

where and are the number of gram-molecules of solute 

and solvent respectively. Since 74 = — and 71,= — , where 

m M 

w and W are the weights, and m and Jlf are the molecular 

\ Ohem., 1888, 2, 602. * J. Amtr. Chtm. Soc., 1916, 37, 300. 

* Proc. Boy. Soc.. 1906. A. 77. 166. « J. Phyaital Chtm., 1927, 81, 231. 
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weights of the solute and solvent respectively, one obtains 
the expression 

^ _ wM ^ loss in weight of solution 
W loss in weight of solvent* 

When working with aqueous solutions, the moisture 
present in the air after passage through the pure solvent 
may be absorbed in a calcium chloride dr 3 dng tube and its 
weight determined. Tliis will be proportional to the vapour 
pressure of the solvent. One then has the relation 

Loss in weight o f solvent _p—p' toM 
Gain in weight of dr 3 dng tube p ~n^~ Wrn 

^ — gain in weight of drying tube 

W loss in weight of solvent 


Dew-point Method. — ^The 



Fia. 73. 


lowering of the vapour 
pressure of water by a 
non-volatile solute may 
also be determined by 
the dew-point method.^ 
The tube D (Fig. 73), 
ground to fit into the 
neck of the flask A, is 
formed, at its lower end, 
of thin, soft glass well 
silvered on its outer 
surface. Through a 
stopper in the tube D 
there pass a thermo- 
meter E and the narrow 
_ _ tube F. The solution 
under investigation is 
placed in the flask A , 
which is then partially 
exhausted ; and the 
apparatus is immersed 
in a constant tempera- 
ture bath. By drawing 
a current of air through 


a quantity of ether con- 
tained in tube D, evaporation of tlie ether and a lowering of 


• J. R. I. Hepburn, Proc. Physical Soc., 1928, 40, 249 ; J- 
550. 


Chtm. Soc., 1932, 
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temperature are produced. The temperature at which dew 
appears on the silvered tube is noted. Since the vapour is in 
equilibrium with pure water at the dew-point temperature, 
and in equilibrium with the solution at the temperature 
of the bath, the vapour pressure of water at the dew- 
point, which can be obtained from tables, is equal to 
the vapour pressure of the solution at the temperature of 
the bath. 

Elevation of the Boiling-point. — Since the vapour pressure 
of a solution is lower than the vapour pressure of the pure 
solvent, it follows that the boiling-point of the solution, or 
the temperature at which its vapour pressure is equal to 
the atmospheric pressure, must be higher than that of the 
solvent. There will therefore be a certain relation between 
the lowering of the vapour pressure and the elevation 
of the boiling-point which can be deduced in the following 
manner : — 

In Fig. 74 the curves cf and be represent the vapour 
pressure curves of the pure solvent and of the solution 
respectively, and ce is a 
line of constant pressure 
equal, say, to the atmos- 
pheric pressure. The boil- 
ing-point of the solution 
is therefore represented ^ 
by point d, and that of ^ 
the solvent by a. Since 
we are concerned here 
only with dilute solu- 
tions and with small 
elevations of the boiling- 
point, the vapour-pres- 
sure curves may be as- 
sumed to be straight lines. 

In Fig. 74, ac represents the vapour pressure (p) of the solvent 
at its boiling-point and ab that of the solution (p') at the 

same temperature. Therefore, — , Further the 

ac p 

be 

ratio — represents the relation between the lowering of the 

vapour pressure and the elevation of the boiling-point, and 
if this is known it is clear that the molecular weight of 



a d 


Temperature 
Fio. 74 
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a solute can be calculated from the elevation of the 
boiling-point. Thus, 

p ~p' be be ee ee 

— = — = — X — =a;x— , 

p p ee p p 

be 

where x is put equal to the ratio — . It, has, however, already 

been shown (p. 200) that m ^ . and therefore 

W P - p 

to . M p ^ 

tn = — 7 ^ — . . For a given solvent, a: is a constant ; and 

rr CC • Ce 

since M and p are also constant, it follows that 


m=K 


w 

eTW 


where e, the elevation of the boiling-point, is put in place of 
ee. In this expression K, the molecular elevation of the 
boiling-point, represents the elevation of the boiling-point 

which would, theoretically, be produced if 1 gram-molecule 

/ \ 

of non-volatile solute ( — = 1 ) were dissolved in 1 e. of 

\w j 

solvent (ir = l). The value of K varies from solvent to 
solvent, as shown in the following table ^ ; — 


Solvent. 

BoUing'pomt 
(760 mm.). 

K 

Heat of 
Vaporisation 
(<^orie3). 

Acetone 

66-2^ 

1720 

124-6 

Benzene 

80-2^ 

2670 

94-4 

Chloroform 

61-2^ 

3860 

69-0 

Ethyl alcohol 

78-5® 

1150 

204-4 

Ethyl ether 

34-6® 

2110 

83-9 

Water 

100-0® 

613 

1 

539-6 


It is clear from the above discussion that, for a given 
solvent, the elevation of the boiUng-point is proportional to 
the molecular concentration of the solute, and that equi- 
molecular solutions have the same boilinq -point. 

Relation between the Molecular Elevation of the Boiling- 
point and the Latent Heat of Vaporisation. — When the 
lowering of the vapour pressure and the consequent elevation 


* Raoult defined the molecular elevation constant os the elev^ion obtained 
OD dissolving 1 gram-molecule of solute in 100 g. of solvent. Other autnors 
define it with reference to 1000 g. of solvent. The constants 
are therefore 100 or 1000 times smaller than those in the table. 


BO defined 
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of fche boiling-point are small, the vapour-pressure curves for 
solvent and solution may be regarded as being parallel 
straight lines, and be will therefore be equal to ef (Fig. 74). 
Hence, 

be ef increase in vapour pressure _ Ap 
ce ee rise of temperature /it 

From this, one obtains the relation 


IT ^ • P 

X dpjdi ‘ 

It has, however, already been pointed out that 

^=. - — ? , where I is the latent heat of vaporisation, 

dt T{V2 — Vj) 

Vg is the specific volume of the vapour, and % the specific 
volume of the liquid ; and if one neglects the volume of 
the liquid as small compared with that of the vapour, then 

^ s =~ — , where v is the specific volume of the vapour. 
dt T . V ^ 

Assuming that the vapour obeys the gas laws, one obtains 

the relations 


M . p _M . p _M . p . V 
dpfdt 


T 


X 


I 


But, M . p . v = RT, and therefore 

M ,p R .T^ _ 

^ 


where T is the absolute temperature of the boiling-point 
and R has the value of 1*987 calories per degree. 

On calculating, by means of this relationship, the molec- 
ular elevation of the boiling-point of water, one obtains 



1*987 X 373-2* 
539-5 


= 513-0. 


Experimental Determination of the Elevation of the 
Boiling-point.— -Various forms of apparatus have been 
devised for the determination, by the boiling-point or ebuUio- 
scopic method, of the molecular weight of substances in 
solution, the method being applicable, however, only if the 
solute ^ Is not appreciably volatile ‘ at the temperature of 
the boiling solvent. 

The older forms of apparatus introduced by Ernst 
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Beckmann (1853-1923), Professor of Applied Chemistry in 
the University of Leipzig, which were designed for heating 
by gas, have been largely superseded by apparatus designed 
for electrical heating. These apparatus, first suggested by 
S. L. Bigelow, 1 of the University of Michigan, possess a 
number of advantages and permit of results being obtained 
more rapidly and with greater accuracy. One form of the 
apparatus is shown in Fig. 75. 

The boiling-point tube A is fitted with a cork through 
which pass a Beckmann thermometer T and two stout copper 

wires WW, connecting with a 
spiral of platinum wire. The 
platinum spiral should be 
placed near the bottom of 
the boiling-point tube, which, 
when in use, is supported by 
means of a cork in a silvered 
Dew’ar vacuum vessel V. A 
condenser C inserted in the 
side-tube B serves to condense 
the vapour of the boiling 
solvent. A weighed amount 
of solvent placed in the tube 
B is raised to its boiling-point 
by the passage of an electric 
current through the heating 
spiral, and when the tem- 
perature has become constant, 
the thermometer reading is 
noted. This represents the 
boiling-point of the solvent. 

A weighed amount of solute is 
then introduced into the solvent, the heating current again 
passed and the boiling-point of the solution determined. 
Further quantities of the substance may be introduced and 
the boiling-point of the solution determined after each 
addition of solute. The molecular weight of the solute can 
then be calculated by means of the equation, 



Fio. 76. 


m 


= K . 


w 


e . W 


^ Amer. Chem. J., 1899, 22, 280. 
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An improved boiling-point apparatus was designed by 
the American chemist, F. G. CottreU,' for the Purpose of 
securing a more perfect equilibrium between the solution and 
the vapour, and of enabUng the temperature of equihbnum 
to be accurately determined when both hquid and vapour 
are under the same external pressure. With tins apparatus, 
wliich has been modified in various ways, fluctuations ot 
temperature and errors of temperature determination due to 
superheating, etc., are avoided. 

The apparatus (Fig. 76) consists of a boiling-tube A. into the ne^of which 
fits the hollow stopper B. The walls of the neck are prolonged downwards so 
as to form a cylinder enclosing tho 
bulb of the Beckmann thermometor * T, TO 

and the branches of the pump ” tube 
C- The cylinder serves as a jacket for 
the thermometer and prevents the 
liquid, flowing from the condenser D, 
coining into contact with the ther- 
momeUr. The pump tube divides 
into two or three branches arranged 
symmetrically around tho lower end 
of the thermo meter. 

In using this apparatus, the solvent, 
in known amount, is caused to boil by 
means of a gas flame protected from 
draughts. When the liquid boils, the 
bubbles of vapour which form under 
the funnel rise up in the narrow tube, 
carrying with them liquid which is then 
projected against the stem of the 
thermometer. The bulb of the tber* 
mometer is in this way kept bathed in 
the boiling liquid which is pumped up 
by the vapour bubbles and which is in 
equilibrium with the vapour in the 
apparatus. By this means a constant 
tompemturo (boiling«point) is soon 
attained, and the temperature remains 
vevY steady. After determining the 
boiung^poiDt of the pure solvent, a 
weighed amount of the solute is 
introduced and the boUing-point of the solution is then determined in the 
same way as for the solvent. 

Sakurai-Landsberger Method, — According to the Sakurai- 
Landsberger method,^ the solution is heated by means of 
the vapour of the boiling solvent, the amount of which is 
determined not by weight but by volume. This makes no 





Fio. 7C. 


* J. Amer. Chem. Soc., 1919, 41, 721. 

* A differeatial tbennometor for uso with this apparatus has been described 
by A. W. C. Menzies and S. L. Wright, jun. {J. Amer. Chem. Soc., 1921, 43, 
23X4)« 

» J. Chm. Soc., 1892, 61, 989 ; Ber., 1898, 31* 461. 
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difference in the expression for the calculation of the molecular 

weight, except that a different constant K' is employed 

which IS equal to the ordinary boiling-point constant divided 

by the density of the solvent at its boiling-point. The 

value of some of these constants is given in the followine 
table : — ® 


Solvent. 

1 

Boiling-point. 1 

K’. 

Solvent. 

Boiling-point. 

K\ 

Acetone 

Alcohol 

Benzene 

60 -S” 

78-3® 

80-2* 

2220 

1560 

3280 

Chloroform 

Ether 

Water 

61-2“ 

34-6® 

100 0^* 

2600 

3030 

540 


The molecular weight of the solute is given by the 

expression m = K' . , where v is the volume of the solution 

in millilitres « 


Of the various forms of apparatus which have been devised for this method 
one of the most convenient for ordinary laboratory work is that due to H. N. 

McCoy.* This apparatus (Fig. 77) consists 
of a tube which serves both as a boiling- 
tube and as a vapour jacket. Inside this 
there passes the narrower tube which is 
graduated from the volume 10 d^. to the 
volume 35 ml.» from the closed end of the 
tube. Sealed into the wall of A is the 
narrow tube <ib, the lower (closed) end of 
which is perforated with a number of small 
holes. The graduated tube A is 6tted with 
a cork carrying a Beckmann thermometer, 
and a side-tube connected it with a 
condenser C. 

In carrying out a determination* pure 
solvent is placed in B and about 12 to 
15 ml. of the solvent are also placed in the 
graduated tube A. When the solvent in 
B is boiled, vapour rises, beats the solvent 
in A* and then forces its way through the 
narrow tube ob into the liquid and so raises 
its temperature to the boiling point. This 
temperature is noted. The cup on the side 
tube d is now opened and the beating 
interrupted. A weighed amount of sub- 
stance is introduced into the inner tube 
and the boiling-point of the solution 
determined in the manner described above. 
After opening the clip on d and interrupting 
the heating, the thermometer is carefully raised out of the solution and the 
volume of the solution noted. Further quantities of substancecan be added to 
the solution and the boiling-point determined after each addition. 



* Amer. Chem. J.. 1900* 28* 353. 
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Depression o£ the Freezing-point —It has long been 
known that the freezing-point of a solution, or the tempera- 
ture at which the solution is in equihbnum with the pure 
crystalline solvent, is lower than the fr^zing-pomt of the 
pure solvent; and, in 1788, the Enghsh physician, Sir 
Charles Blagden (1748-1820), found that the lowering of 
the freezing-point of the solvent is proportional to the 
amount of the dissolved substance. The same law was 
rediscovered by later investigators, but as most of the 
investigations were carried out with aqueous solutions ot 
electrolytes, complications were met with. It was not till 
1882, therefore, that Raoult,^ who investigated the effect oi 
organic non-electrolytes on the freezing-point of water and 
of other solvents, was able to establish the important law 
that the depression of the freezing-point of a given solvent is 
propcrrlumal to the molecular concentration of the solute, and 
that equimolecular solutioyis, therefore, have the same freezing- 
point. We thus obtain the relation 

where A (delta) is the lowering of the freezing-point produced 
when n gram-molecules of solute are dissolved in IT g. of 
solvent. K is & constant which depends only on the solvent 

and is equal to — = — , where I is the latent heat of fusion of the 

I 

crystalline solvent, and T the absolute temperature of the 
freezing-point. In the case of water, therefore, we have 


K = 


1-987 X 273-2^ 
79-77 


==1859. 


The above law, established experimentally and deduced 
on the basis of thermodynamics, is valid only when the solvent 
crystallises pure from the solution. 

The freezing-point or cryoscopic constant K, it will bo 
clear, represents the depression of the freezing-point which 
would, theoretically, be produced when 1 gram-molecule of 
solute is dissolved in 1 g. of solvent. It represents, therefore, 
the molecular depression of the freezing-point.'^ 

* ComjtUs rend., 1882, 94, 1617. 

* OwiB^ to tho fact that one cannoti in generaU disaolve 1 gram- molecule of 
eobstaneo m 1 g. of eoWent* it is not unusual to define the molecular depression 
as the depreaaion produced when 1 gram^moleoule of Bubetance is diasolved in 
100 or in 1000 g. of solvent. 
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The value of K for some of tlie most frequently used 
solvents is given in the table below 


Solvent. 

Freezing-point. 

K. 

Latent Heat o{ 
Fusion (cal.). 

Acetic acid 

166^ 

3900 

44®7 

Benzene 

5-4® 

5120 

30’4 

Water . 

1 0 0'’ 

1858 

79’S 

Nitrobenzene . 

5-72® 

6870 

w 4,r 

22-5 


The relation between the depression of the' freezing- 
point and the lowering of the vapour pressure can be derived 


in an approximate man- 
ner as follows. In Fig. 
78, ad is the vapour- 
pressure cuiwe of ice 
and de the vapour- 
pressure curve of water 
At the point of inter- 
section d the liquid and 
crystalline solvent co- 
exist in equilibrium. 
The corresponding tem- 
perature t is the 
freezing - point of tlie 
solvent. Similarly, if bb' and cc' are the vapour-pressure 
curves of the two solutions — which must, of course, lie below 
the curve for the pure solvent — the points of intersection 
b and c represent the conditions under which the two solutions, 
respectively, have the same vapour pressure as ice, and the 
corresponding temperatures t’ and t" at which equilibrium 
exists are the freezing-points of the respective solutions. 
Since the vapour-pressure curve of a solution lies below the 
vapour-pressure curve of the solvent, the freezing-point of 
the solution must, it is clear, lie below the freezing-point of 
the solvent. If the solutions are dilute and the depression 
of the freezing-point small, the curves may be regarded as 
being straight lines, and therefore 



dd’ P —p' _ bd' _ 
d¥~p^^~cd"~W~~d^ 


where A-^ and A^ are the depressions of the freezing-point, 
and p' and p" are the vapour pressures of the two solutions. 
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The vapour pressure of the solvent is represented by j). 
From the above relationships it follows that 



^ . v-v” 

■ ^ p ' p ' 


That is to say, the depression of the freezing-point is pro- 
portional to the relative lowering of the vapour pressure, and, 
consequently, it is also proportional to the osmotic pressure of 
the solution. 

From the general relation 





w 

m'TW' 


one obtains the expression 

m=K . 


w 


J . TT’ 


where m is the molecular weight of the solute in the solution 
and w and W are the weights of solute and of solvent 
respectively. 

Experimental Determination of the Depression of the 
Freezing-point. — The depression of the freezing-point of a 
solvent can be carried out with the ap- 
paratus represented in Fig. 79. A cooling 
bath A of glass or stoneware is covered by 
a brass lid through which pass a wide 
glass tube B and a stirrer E. A third 
opening in the lid allows of the passage of 
a thermometer. The &eezing-pomt tube 

C, which is furnished with the side tube 

D, is supported in the neck of the tube B 
by means of a cork or asbestos ring, so 
that the freezing-point tube is surrounded 
by an air-mantle. This ensures a slower 
and more uniform rate of cooling of the 
liquid. Through a cork in the neck of C 
there pass a thermometer T, graduated in 
hundredths of a degree, and a stirrer S. 

A known amount of solvent having 
been placed in the freezing-point tube, 
the apparatus is fitted together as shown 
in the figure, the bath A being fiUed with a suitable cooling 
material— water, a mixture of water and ice, or a mixture of 



Flo. 79. 
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ice and salt, according to the temperature required. The 
solvent generally undergoes a slight degree of supercooling 
before crystallisation takes place, so that when freezing occurs 
there is a sudden rise of temperature to the freezing-point. 
The temperature then remains constant. 

The freezing-point of the solvent having been determined, 
a weighed amount of solute is added to the solvent, and the 
freezing-point of the solution determined in the same way as 
that of the solvent. In this way the depression of the freezing- 
point for a solution of known concentration is determined. 
Further additions of the solute may be made and the freezing- 
point of the solution determined after each addition. The 
molecular w’eight of the solute may then be calculated by 
means of the expression given above. 

More accurate determinations of the freezing-points of 
solutions can be made by adding ice to the well-insulated 
solution and, when the equilibrium temperature has been 
attained, finding the concentration of the solution.^ 

From the values of the depression of the freezing-point 
one may also calculate the osmotic pressure of the solution, 
which, as we have seen, is proportional to the depression. 
A solution containing 0*1 gram-molecule of solute dissolved 
in 1000 g. of water gives a depression of the freezing- 
point J =0*186°. Such a solution has, at 0°, an osmotic 
pressure equal to 2*24 atmospheres. A depression A of 0*100° 
would therefore correspond to an osmotic pressure of 
1*205 atmospheres, or 915 mm. of mercury.* 

Micro-cryoscopic Method. — From the table on page 212 it 
is seen that the cryoscopic constant for ordinary solvents 
has a value of about 2000-7000. In the case of camphor, 
however, the value is 40,000. That is, 1 gram-molecule of 
substance dissolved in 1000 g. of camphor lowers the 
freezing-point of the latter by no less than 40°. For this 
reason, as was pointed out by the French chemist, A. 
Jouniaux, and by Karl Rast, of the University of Wurzburg,® 
one can determine the molecular weights of many substances 
which dissolve in molten camphor, in a very simple manner 


‘ Adams. J. Amtr. Chcm. Soc., 1916, 37, 381. See also Scatchard, Jonea, 

and Prentiss, ibid., 1932, 64, 2676. - * t? 

aOsmotio pressures calculated in this way are only approximate, for tne 
exact relationship between osmotic pressure and the depression of the freezing- 

point, see Findlay, Oamohc Pras^Mre. 

^ » BuU. Soe. Chim., 1912, 11, 722; Her., 1922, 56, 1051. Sep also Bohme 
and Schneider, Z. angew. Chem., 1939, 62, 68. 
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and with the aid of an ordinary thermometer graduated in 
whole degrees. The method has a practical importance only 
for the determination of approximate molecular weights. 

To carry out a determination, a few miUigrams of substance are mlied with 
10 to 20 mg. of camphor, and the mixture melted completely in a small, clean 
tflass tube. After solidification, the mixture is ground in an agate mortar and 
mtroduced, in small amount, into a thin-walled tube, such as b used for deter- 
mining the melting-point of organic substances. The tube is then attached 
to a thermometer which is placed in a bulb-tube containing sulphuric acid ; 
and by carefully heating the latter, the temperature is determined at which 
the last crystals of camphor disappear. This is taken as the freezing-point of 
the solution. The freezing-point of camphor is 178®. The molecular weight 
of the substance can then be calculated, using iC =40,000. Thus, a mixture 
of 6*4 mg. of acetanilide and 61*0 mg. of camphor was found to have a freezing- 

point of 147- (A = 3l-). Therefore, m = 40,000X g^ x ^he molecular 

weight of acetanilide is 139. 

Abnormal Freezing-points. — The depression of the 
freezing-point is proportional to the molecular concentration 
of the solute only when the solvent crystallises out pure from 
the solution. If, however, the solute separates out along 
with the solvent, forming with the latter what are known as 
mixed crystals, the depression of the freezing-point will be 
abnormally small. 

If X per cent, of the solute remains in the liquid solution 
and y per cent, goes into the crystalline solid, it is found that 

where J is the observed depression and Jq is the normal 
depression of the freezing-point. This behaviour is illustrated 
by the following numbers which refer to solutions of iodine 
in benzene : — 


Qrama of 

Gram- 

y 




Iodine. 

molecules. 


^0- 

A. 

^calc. 

0-914 

0 00300 

0*34 

0*184® 

0-129° 

0 121- 

2-24 

1 

000882 

0*36 

0*460® 

0-313- 

0-288- 


In the case of a number of substances (very commonly in 
the case of organic acids and hydroxy-compounds dissolved 
in benzene) it is found that the molecular weight, determined 
by the cryoscopio method, is greater than that calculated 
from the usual chemical formula of the substance, by an 
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amount greatly exceeding the experimental error. One is 
therefore led to assume that these substances undergo 
association, i.e., two or more molecules combine to form a 
larger molecule. Thus, in the case of acetic acid in benzene 
solution, one obtains the following numbers : — 


Grams of Acid in 

100 g of Benzene. 

1 

1 

A. 1 

Molecular Weight 
(Calculated). 

0-4G5 

0-208“ 

110 

2-321 

0-970“ 

117 

8-159 

3-105“ 

129 


The molecular weight corresponding to the formula, 
CH 3 . COOH, is 60. 

From the depression of the freezing-point one can calcu- 
late the degree of association, or the fraction of the total 
number of molecules which combine to form larger molecules. 
Thus, if a; is the degree of association and if n is the number 
of simple molecules which combine to form a complex mole- 
cule, then there will be (1 — ar) unassociated molecules and 

- associated molecules. The number of solute molecules 
n 

will therefore be less than if no association took place in the 

ratio 1 : 1 -arl “(“j- depression of the freezing- 

point is proportional to the number of molecules, and 
therefore 



If no association took place, a solution containing 0-465 
g. of acetic acid in 100 g. of benzene should give J^ = 0-397®. 
One calculates, therefore, that in this solution the acetic 
acid is associated to the extent of 95-3 per cent., assuming 

thatn = 2 . j n i- 

In the case of aqueous solutions of salts, acids, and alkalis, 

abnormally great depressions are obtained. These cases will 
be discussed later. 



CHAPTER X 


THE BEHAVIOUR OF ELECTROLYTES 

IN SOLUTION 

When discussing the laws of osmotic pressure, it was stated 
that equimolecular solutions of different substances have the 
same osmotic pressure ; and also, since the depression of the 
freezing-point of a solvent is proportional to the osmotic 
pressure of the solution, it was found that equimolecular 
solutions of different substances in water have the same 
freezing-point. These rules, however, cannot be applied 
directly to solutions of acids, alkalis, and salts. 

It has already been pointed out that, according to van’t 
Hoff, the osmotic pressure of a solution can be represented 
by the expression PV =iRT •, and that, whereas i was 
found, in the case of many substances, to be equal to unity, 
for acids, alkalis, and salts it was found to be greater than 
unity. That is to say, the osmotic pressure of solutions of 
acids, alkalis, and salts, determined, more especially, by 
means of freezing-point depressions, is greater than the 
osmotic pressure of equimolecular solutions of a normal 
substance (e.^., cane sugar), or a substance which in dilute 
solution obeys the simple van’t Hoff-Avogadro law,* 
PV ^RT. The van’t Hoff coefficient i, therefore, represents 
the ratio of the observed osmotic pressure to the normal 
osmotic pressure, or, * = Pobs./^nonn. Since, moreover, the 
lowering of the vapour pressure, the depression of the 
freezing-point and the elevation of the boiling-point of a 
solvent are proportional to the osmotic pressure, i will 
also represent the ratio of the observed values of these 
properties to the values which would be obtained with 
equimolecular solutions of, say, cane sugar. 

r\ 1 . oamotio activity of salt solutions was first observed by the 

Dutch bot^t Hugo de Vries (184&-1D36) in 1882, during his investigation of the 
plaamolysis of plant cells (p. 182). 
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Not only do salts, acids, and alkalis, when dissolved 
in water, give solutions which have an abnormally high 
osmotic pressure and an abnormally low freezing-point, but 
the behaviour is all the more abnormal the more dilute the 
solution ; that is, the van’t Hoff coefficient i increases with 
dilution. Tliis is amply borne out by the determinations of 
the depression of the freezing-point given in the following 
tables. The concentrations are expressed in gram-molecules 
per litre. 


Sodium Chloride. 

( Sodium Sulphate. 

Concentration. 

A. 

1 '• 1 

Concentration. 

1 A. 

«• 

0 0467 

oil-" 

2-0 

1 0 0280 

0-141® 

266 

0117 

0-424® 

1-93 

0-0701 

0-326® ^ 

2-46 

0194 

0-687® 

1 1-87 

0117 

0-515® ' 

2-33 

0-324 

1 135® 

1 1-86 

0-195 

0-817® 1 

221 

0-539 

1 -894 

1 

1 

1-85 

9 ^ 

1 

1 

• • 4 



Magneaium Sulphate. 


Concentration. 

A. 1 

1 

I. 

0-0638 

0-165® i 

1-37 

0150 

0-366- 

2-22 

0-398 

0-802- 

1-07 

0-663 

1-303® 

1-04 


From the above numbers it is seen that the van’t Hoff 
coefficient may have verj’ different values in the case of 
different salts, and in the case of the same salt at different 
concentrations. In the case of sodium chloride the coefficient 
reaches a value of 2 at high dilution, whereas in the case of 
sodium sulphate the value tends towards 3. In all the 
above cases, then, the solutions behave as if they contained 
an abnormally large number of molecules or dissolved 
particles in solution ; they behave, in other words, as if the 
molecules of the salt broke up in solution so as to yield a 
larger number of molecules or particles, each of which 
behaves as a separate solute molecule. 

It is worthy of note that In the caae of certain substances in the gaseous 
state a closely analogous phenomenon is observed. It is weU known* for example* 
that when ammonium cUoride is vaporised by heat* the molec^es of the com* 
pound* ID the vapour state* undergo dissociation with production of molecules 
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ol ammonia and of hydrogen chloride. In the vapour, therefore, there are 
oresent not only molecules of NH4CI, but also molecules of NH. and HCl. One 
would find, therefore, that if a given quantity of ammonium chloride were 
vaporised in an exhausted vessel, the pressure produced would be greater than 
wo^d be produced in the same vessel by an equimolecular amount of hydrogen 
at the same temperature. In other words, the behaviour of ammonium chloride 
u» the vapour state does not appear to be in harmony with Avogadro’e law. 

Just as the apparently abnormal behaviour of ammonium 
chloride in the vapour state found its explanation in the 
dissociation of the molecules, so it appears a not unnatural 
assumption to make that when salts, acids, and alkalis are 
dissolved in water they also dissociate ; for their solutions 
behave as if the number of dissolved molecules were greater 
than that calculated from the molecular weight of the 
dissolved salt. If, however, one makes this assumption, the 
question at once arises : What, then, are the products of 
dissociation ? In the case of sodium chloride, for example, 
one must ask : Into what substances does tins salt dissociate 
when it is dissolved in water ? Clearly, not into sodium and 
chlorine ; for sodium is a metal which decomposes water 
with evolution of hydrogen, and chlorine is a gas which 
dissolves in water, imparting to it a characteristic odour and 
bleaching properties. 

The Theory of Electrolytic Dissociation. — To obtain an 
answer to the above question, one must consider another 
property of the apparently abnormal solutions, the property 
of conducting an electric current. 

When one places in a vessel containing pure distilled 
water the ends of two wires which' are connected through a 
lamp with a source of electricity, the lamp remains dark. 
The electrical circuit is broken by the water which is a non- 
conductor of electricity. If to the water one adds cane 
sugar, glycerol or alcohol, the lamp still gives forth no light, 
for the solutions of these substances do not conduct the 
electric current. If, however, one dissolves in the water 
even a very little common salt, or caustic soda, or 
hydrochloric acid, the lamp at once lights up, showing 
that the flow of electricity is no longer interrupted by 
the liquid. In this way it is found that certain sub- 
stances yield solutions which do not conduct the electric 
current, while others jdeld solutions which are electrically 
conducting. Substances belonging to the latter class are 
called d^rolyUs ; substances belonging to the former 
class, non-electrolytes. Substances which yield solutions 
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having a normal ^ osmotic pressure, freezing-point, etc., are 
found to be non-electrolytes, wliereas salts, acids, and alkalis, 
those substances, in short, which yield solutions having 
an abnormally high osmotic pressure, an abnormally low 
freezing-point, etc., are found to be electrolytes. The 
electrical conductivity of pure water is very small. 

This relationship between the conducting power of 
sohitions for electricity and their abnormal osmotic behaviour 
was first clearly pointed out by the Swedish physicist, 
Svante August Arrhenius ^ (1859-1927), who, in 1887, 
propounded the view that w'hen an electrolyte is dissolved in 
water the solute molecules undergo, to a greater or less 
extent, dissociation (electrolytic dissociation) into positively 
and negatively charged particles or ions.^ The ions, 
according to this theory, lead an independent existence in 
the solution, have their specific properties {e.g., colour) and 
reactions, and behave, therefore, as independent molecules. 
It is, then, this production of new solute particles in solution 
wliich, according to the theory of Arrhenius, causes the 
solutions of electrolytes to exhibit an abnormally great 
osmotic pressure, etc. 

With regard to the nature of the different ions, one can 
say that when a salt undergoes electrolytic dissociation, or 
ionises, in solution, the metal part forms the positively 
charged ion, the cation, and the acid part forms the nega- 
tively charged ion, the anion. Thus, for example, sodiuiii 
chloride, NaCl, ionises into the positively charged cation Na+ 
(sodium ion), and the negatively charged anion Cl“ (chloride 
ion). In the case of acids, h^’drogen ion forms the cation, so 
that hydrochloric acid, for example, gives the ions H’ and CK 
(where a dot and a dash are used in place of the plus and 
minus sign respectively). Nitric acid, similarly, gives the 
ions H' and NO 3 ' (nitrate ion).* One sees, then, that the 
only property which acids have in common is that of giving 
rise to hydrogen ion, and it is to the presence of hydrogen 
ion in solution that the so-called acid properties are to be 
ascribed. Acid -properties are the properties of hydrogen ion. 

‘ By “ normal ” ia meant the value calculated in accordance with van’t 
Hoff’s laws from the molecular weight of the dissolved substance, when * is equal 
to unity. 

* Z. physikal. Chem., 188S» 2, 491. 

» This term was introduced many years previously by Faraday. , , . , 

* The ions are represented here as anhydrous, but it will bo found Jater 
that the ions may be associated with larger or smaller amounts of water or 
other solvent. 
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(We sliall learn later that an extended meaning must be 
given to the term " acid ” (Chap. XIX.).) 

In the case of alkalis, e.g., sodium hydroxide, NaOH, the 
anion is formed by the hydroxyl ^oup, giving the ion OH' 
or hydroxide ion. Thus, NaOH ionises with formation of 
Na’ and OH'. It is to the ■presence of hydroxide ion in solution 
that the general properties of alkalis are due. 

So far, mention has been made only of binary electrolytes, 
t.e., electrol3dies which are capable of yielding only two ions. 
A molecule, however, of sodium sulphate (Na2S04), for 
example, is capable of giving rise to three ions, namely, two 
sodium ions and one sulphate ion ; and since the solution of 
sodium sulphate, as a whole, is neither positively nor nega- 
tively charged, the amount of electricity associated with one 
sulphate ion must be equal to that associated with two 
so^um ions. The amount of electricity associated with 
1 gram-ion (atomic or molecular weight of ion in grams), or 
22-997 g. of sodium ion, is 96,494 coulombs, and this is 
the smallest amount of electricity associated with the gram- 
ionic weight of any substance, it is regarded as the unit 
gram-ionic charge and called a faraday (F). Hence the 
symbol for sodium ion is written Na‘ with only one plus sign, 
or with one dot, to represent one unit charge or one faraday, 
whereas the symbol for sulphate ion is written with tw’o 
negative signs, or with two dashes, to represent two units of 
charge or two faradays — thus, SO4 — or SO4". Similarly, 
since 1 gram-ion of cupric ion (from cupric salts) carries tw’O 
unite of positive electricity, it is written Cu". In general, 
the number of unit charges or faradays which a gram-ion 
carries is given by the valency of the ion. Thus we have the 
cations Fe Al ", etc., and the anions CO3", of carbonates, 
and PO4"', of phosphates {e.g., Na3p04). 

From the above discussion it will be clear that in the case 
of the solution of a binary electrolyte, one molecule of w’hich 
can ^ve rise to two ions, the osmotic pressure, depression of 
the freezing-point, etc., will be greater than, but cannot be 
more than twice as ^eat as, that which would be given by an 
equmolecular solution of a non-electrolyte. On the other 
hand, a solution of sodium sulphate or of calcium chloride, 
La-Clg, can have, at most, an osmotic pressiire three times 
gi^ter than that of an equimolecular solution of a non- 
electrolyte. This conclusion is also borne out by the numbers 
given m the tables on page 218, the maximum value which 
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the coefficient i tends to assume being equal to the number 
of ions into which the electrolyte dissociates. 

The electrolytic dissociation or ionic hypothesis has 
proved of the greatest value in connection with the study of 
electrolytic solutions. Not onl 3 ’^ does it enable one to give 
an explanation of the process of electrolysis but, as will be 
made clear later, it may also be applied to the quantitative 
treatment of the properties of conducting solutions, the 
generation of voltaic electricity, and the relations between 
chemical and electrical energ.v. As will be pointed out more 
fully later, liowever, the original theory developed by 
Arrhenius has had to undergo certain modifications (Chap. 


XIV.). 

Theory of Ionisation and Electrolysis. — When two 
electrodes, connected with the poles of a galvanic cell, and 
therefore positively and negatively charged, are introduced 
into the solution of an electrolyte, decomposition of the 
electrolyte, or electrolysis, occurs, and a current passes through 
the solution, provided the potential of the electrodes is 
sufficiently high. The products of electrolj'sis appear at the 
electrodes. Thus, w'hen an electric current is passed through 
a solution of copper gulphate, metallic copper is deposited 
on the cathode or negatively charged plate ; and if dilute 
sulphuric acid is electrolysed, gases are evolved at both 
electrodes — hj'^drogen at the cathode and oxygen at the 
positive plate or anode. Faraday saw that these ructions 

which occur at the electrodes only, and not in the body ot 

the solution— imply a flow in opposite directions of positively 
and negatively charged particles, which he called torw 
or wanderers. Those ions, which move m the direction ot 
flow of positive electricity, downstream as it were, were 
caUed cations (from /rafa = downwards) ; those ^ 

the opposite direction, upstream, were called anions (from 


“"^Theodorton Grotthuss ^ (1785-1822) attempted in 1805 

to explain the occurrence of these reactions at 
by imagining that the salt molecules AB are oriented by the 
attraction of the poles so that the A’s are directed tewards 
the positive pole and the B’s towards 

mollcules in the vicinity of the poles are decomposed by tins 
^traction, A being deposited on the anode and B on the 


• Participle of the Greek verb c«V (eimi). to 6°* of Theodor. 

* Christian Johann Dietrich von Grotthuss assumed the 
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cathode. This leaves a B and an A without partners ; the 
B takes an A from the adjacent molecule, while the A 
similarly takes a B, thus forming two molecules BA, which 
then, in turn, undergo decomposition at the electrodes. 

According to Grotthuss, decomposition is brought about 
by the action of the electric current on the electrolyte ; but 
Clausius in 1857 pointed out that since the conductivity of 
electrolytic solutions obeys Ohm’s law, none of the electrical 
energy of the current could be used up in decomposing the 
molecules of the electrol 3 die. Clausius assumed, therefore, 
that the molecules of electrolytes in solution decompose 
sponianeously into ions, as a result, possibly, of collisions 
between the molecules. According to this hypothesis there 
is always a certain small but unknown fraction of the ions 
free, and these, during electrolysis, show a steady drift 
towards the electrically charged poles or electrodes. 

The hjrpothesis of the spontaneous dissociation of the 
molecule of an electrolyte into ions, which forms the basis 
of the Arrhenius theory, was therefore no new idea • but 
instead of the very smaU degree of ionisation which Clausius 
assumed, Arrhenius was led by the osmotic and eryoscopic 
behaviour of electrolytic solutions to assume that in the 
case of salts, for example, the degree of dissociation is large 
and tends to become complete in dilute solution. 

* 1 , theory of Arrhenius, the attraction of 

tbe electrodes does no work in decomposing the molecules of 
an ebctrolyte but only directs the flow through the solution 

charged particles or ions ; 
positively and negatively charged ions 
constitutes the current in the solution.^ When the ions 
^ch the electrodes their charges are neutralised. Thus 

is electrolysed, copper 
wWch^owTr combine with elect??ns 

Sh copper 

which IS deposited on the electrode. Sulphate ions SO " 

*beir c£rge Electrons 

sulph^“ion ®h ^ battery. Discharge of the 

P ion, however, under certain conditions, yields a 

solution ^ bo detected by paasiug a ourrent through a 

The magnet wiU be deffiS horizontally above a ma/net. 

a metallio oondootor the same way as when the current is oarri^ by 
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group of atoms which is incapable of independent existence ; 
and it reacts with water with evolution of oxygen : 

SO4 + H2O ^H^SOi + O. 

If a solution of sodium chloride is electrolysed, sodium 
ions move to the cathode and chloride ions to the anode. 
The former, on being discharged, give rise to sodium which 
reacts with water with production of hydrogen. Chlorine is 
evolved at the anode. 


The nature of the ions discharged at an electrode may 
depend on the applied potential and on the decomposition 
potential of the ions (Chap. XV.). Secondary reactions also 
may take place and are sometimes of great practical import- 
ance. Thus, from concentrated solutions of ammonium 
sulphate, and with a high current density (current per unit 
area), SO4" may be discharged, and the discharged ions may 
combine to form SgOg", and this in presence of NH 4 ‘ yields 
the slightly soluble ammonium persulphate. 

In the electrolysis of organic acids also various secondary 


products may be obtained. 

The theory of ionisation in solution enables one not only 
to understand the mechanism of electrolysis but also the 
laws of electrolysis discovered experimentally by Faraday, 
and generally known as Faraday’s laws. Faraday's First 
Law states : When an electrolyte is decomposed by the electric 
current, the amount of decomposition is proportional to the 
quantity of electricity which flows through the solution. Tlus 
law follows at once from the fact that, according to the 
theory of Arrhenius, each ion carries a certain definite charge 
or amount of electricity, and a given weight of the ion is 
therefore associated with a definite amount of electricity. 
Double the weight of that ion will therefore be associated 
with double the amount of electricity, and, consequently, 
the amount of electricity which is conveyed by the ions 
through the solution will be proportional to the weight ot 
ions discharged at the electrode ; or the amount of electricity 
will be proportional to the amount of electrolyte decomposed. 

On the basis of this law one can determine the amount 01 
current which flows through a circuit by determining e 
weight, say, of copper or of silver deposited on ^he cathode, 
or the volume of hydrogen liberated at the ^ 

the given current of electricity. In this way one obtains 
voltameters or coulommeters, i.e., instruments for measunng 
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tJie amount of electricity or the number of units, coulombs, of 
electricity which, pass through a circuit. These are exact, 
since there are no electrol 3 ^ic side reactions, for the First 
Law holds strictly, as can be seen from the weight of silver 
obtained on passing the same current through a silver 
nitrate solution in water at 20^ and a silver nitrate solution 
in molten potassium nitrate at 260®. The silver deposited 
was 1*14916 g. and 1*14919 g. respectively — a difference 
of only 0*003 per cent. 

Faraday’s Second Law states : When the same current {or 
the same amount of electricity) is jmssed through solutions of 
different electrolytes, the weights of ions discharged are in 
the ratio of their chemical equivalents ; the equivalent being 
given by the ionic weight divided by the valency of the ion. 
Thus, if the same current of electricity be passed through 
solutions of sulphuric acid, silver nitrate, and copper sulphate, 
the weights of hydrogen, silver, and copper respectively 
which will be liberated at the cathodes of the electrolytic 

cells wiU be in the ratio 1 : 108 ; (The atomic weights 


of hydrogen, silver, and copper are here taken as 1, 108, and 
63*6 respectively.) One can therefore say : One gram- 
equivalent of any ion is associated with a definite amount of 
electricity. This amount is known as 1 faraday (F) and is 
equal to 96,500 coulombs. In order that 1 gram-equivalent 
of an ion (any ion) may be discharged at an electrode, this 
umt amount of electricity, 1 faraday, must be passed through 
the solution. When, therefore, one writes the symbols of the 
ions, each positive or negative sign (or each dot and each 

^ faraday of electricity. Thus, Na* means 
g-> or 1 gram-equivalent, of sodium ion, are 
associated with 96,500 coulombs of electricity ; and SO " 

associated wi?h 

2x96 500-193,000 coulombs. On the basis of Faraday’s 
of calculate the weight 
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cross-section. The resistance offered by a cube of the sub- 
stance having a side equal to 1 cm. is called the specific 
resistance or resistivity of the material, and is generally 


measured in ohms.^ 


The reciprocal of this. 


or — , is called 


the specific conductance or the conductivity y and is generally 
represented by the Greek letter kappa (k). The con- 
ductivity is measured in “ reciprocal ohms ” or in mhos 
(mho being formed by writing ohm backwards). 

Although the specific conductance is a suitable property 
by which to characterise a metallic conductor, it is not so 
suitable in the case of electrolytic solutions ; for in the case 
of conducting solutions the conductance does not depend on 
the whole of the material between the electrodes but only 
on the ions formed by the solute. When, therefore, it is 
desired to compare different substances with respect to the 
conductivity wliich they exhibit in solution, one should 
compare solutions of equivalent concentration, or solutions 
wliich contain such amounts of solute as are capable of 
yielding ions bearing the same total charge of electricity.® 
In tliis way one obtains what is known as the equivalent 
conductivity (represented by the Greek letter capital lambda, 
A). By equivalent conductivity is meant the conductance 
of a solution which contains 1 gram-equivalent of the solute 
when placed between two electrodes of indefinite size, 1 cm. 


apart. 

The connection between the specific and the equivalent 
conductivity can be obtained in the following way. If 1 cm. 
or 1 ml.® of a solution is placed in a rectangular vessel, two 
opposite sides of wliich are of metal (forming the electrodes) 
and 1 cm. apart, the measured conductance will, of course, 
be the specific conductance, because the distance between the 
electrodes is 1 cm. and the cross-section of the conducting 
solution is therefore 1 sq. cm. Further, if 1 gram-equivalent 
of dissolved electrolyte is contained in 1 ml. of the solution, 


» An ohm is the resistance at 0“ of a column of mercury 106-3 cm. in length 

and weighing 14-4621 g. , y t a- ^ 

* Since Na,SO« ionUes into 2Na- and SO/, 1 gram-molwule of s^ium 
sulphate can yield ions bearing, in all, a charge of four faradays ; WaCJ, on 
the other hand, ionises into Na* and Ci'. so that 1 gram-molecule of 
chloride can yield ions bearing a total charge of only two faradays. One gmm- 
molecule of sodium chloride, therefore, is equivalent to i gram-molecule oi 

introduced by taking millilitres as equal to cubic centimetres is 

nogliffible. 
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then, according to the definition given above, the conductance 
measured will also represent the equivalent conductivity. 
If, now, the solution is diluted by pouring pure water into the 
conductivity cell until the volume is, say, 1000 ml., then the 
conductance of this solution will be 1000 times the specific 
conductance, because there are, so to speak, 1000 cubes of 
solution of 1 cm. side between the electrodes. Since, however, 
there is still only 1 gram-equivalent of electrolyte between 
the electrodes, the measured conductance is also the equiva- 
lent conductivity. In this case, therefore, the equivalent 
conductivity is 1000 times the specific conductance. In 
general, then, one can say that the equivalent conductivity of 
a solution is equal to the specific conductance multiplied 
by the volume (^) in cubic centimetres or millilitres in which 
1 gram-equivalent of the electrolyte is dissolved, or A . <j>. 
If T) represents the number of gram-equivalents of electrolyte 

in 1 ml. of solution, then one has the relation d = -. 

1 

The term *' molecular conductivitj *’ is also sometimos emplojed, by which 
is meant the conductmty of a solution containing 1 gram-molecule of electrolyte 
when placed between electrodes of mdefinito size 1 cm. apart. It is represented 
by fi. 

Experimental Determination oC the Condnctivity of 
Solutions. — ^For the purpose of measuring the resistance of 
a solution, one usually 
employs the Wheat- 
stone bridge method, 
the arrangement of 
which is shown dia- 
grammatically in 
Fig. 80. 

Since, during the 
electrolysis of an 
aqueous solution be- 
tween platinum elec- 
trodes gases are evolved, and a back electromotive force 
(polarisation e.m.f.) therefore produced, one cannot readily 
measure the resistance of a liquid conductor by means 
of a direct current, but one must employ an alternating 
current such as is given by audio-frequency oscillation 
from an oscillating circuit dnvon by a thermionic valve or 
other similar device. The output from the source of alter- 
nating current is connected with the ends of the resistance 



Fio. 80. 
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wire ab, which is stretched above a scale divided into 
millimetres. R is a resistance box, and V is a conductivity 
vessel containing the solution to be investigated. In order 
to determine the position of balance, a telephone receiver T 
is inserted between the sliding contact c and the junction 
of the resistance box with the conductivity vessel. A 
resistance is inserted in R of the same order as that in the 
conductivity vessel, and the sliding contact c is moved along 
the wire ab until there is minimum sound in the telephone. 
When this is the case, the resistance of V is given by the 
expression 

R : V = ac : ci» ; or V = R . — 

ac 

Knowing the value of the resistance R and the lengths 
ac and c6, which can be read off on the millimetre scale, 
the value of the resistance V can be calculated. 




The conductivity vessel may have various forms^ according to the solution 
for which it is to be used. Two very commonly used forms for routine work 
are shown in Fig. 81* They consist of cylindrical glass vessels^ either of uniform 

diameter or narrowed at the foot» for use 
with solutions of greater conductivity. 
The electrodes are circular platinum plates 
sealed into glass tubes, and electrical con- 
nection is made by means of mercury. 
These two tubes pass through an ebonite 
cover, and their relative positions are 
fixed either by means of a glass tie or by 
cementing the tubes to the cover. Before 
use, the electrodes are coated electroly* 
tically with a layer of platinum black, 
whereby the sharpness of the sound 
minimum is improved. 

The specific conductance or conduc- 
tivity, we have seen, is the conductance 
of 1 cm. cube (not 1 c.c.) of the materiaL 
If, therefore, the electrodes of the con- 
ductivity vessel are not exactly 1 sq, cm. 
in area and 1 cm. apart, the measured 
resistance or conductance of a solution 
placed between them will have to be multi- 
plied by a factor in order to reduce^ the 
value to that which would be obtained 
if the electrodea enclosed between them 1 cm. cube of the liqmd. This 
factor, which depends on the size and shape of the electrodes, and on tbeir 
distance apart, is known as the reaUtance eapaetty of the ceU, or tne cm 
eonalant. If /c represents the specific conductance, and c the measurea 
conductance of the solution, then k = K.c, where /f is the ce|l constant, ilus 
cell constont is best determined by measuring m the given ceU the 
of a solution of known specific conductance, such ns a solution of potassium 

cblo^de. conductance of solutions of this salt of various concentmMoM 

and at different temperatures is known from the work of Kohlrausch and others. 




Fio. 81. 
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In conductance measurements it is necessary to control 
the temperature, for the conductivity of electrolytic solutions 
is markedly affected by temperature changes ; and con- 
sideration must also be given to the conductivity of the 
solvent, though this is of importance chiefly in the case of 
very dilute solutions. To apply a correction for the medium 
the above experiment must be repeated, using water instead 
of the solution. The conductivity due to the electrolyte is 
then obtained from the expression 

k — K{c-c^), 

where c<, is the measured conductance of the solvent. Sol- 
vents should be used in as pure a state as possible, since 
impurities may react with the solutes and render experi- 
ments useless for purposes of comparison. The purest 
“ conductivity water ” obtained by Kohlrausch and 
Heydweiller had the very small speciflc conductance of 
0-043 X 10-« mho at IS"*. 

Equivalent Conductivity and Concentration. — When one 
investigates the conductivity of different solutions it is found 
that the equivalent conductivity of all electrolytic solutions 
increases with dUution. This is shown very clearly by the 
numbers in the following table : — 


EQUIVALENT CONDUCTIVITIES AT 18“ 


Dilution in Litres. 

KCL 

NaNO,. 

CHjCOOH. 

1 

98-27 

65-86 

1-32 

10 

1 12 03 

87-24 

46 

100 

122-43 

98-16 

14-3 

1.000 

127-34 

102-85 

41-0 

6.000 

128 77 

104-19 

500 

10,000 

129-07 

104-55 

107-0 

QO 

130-10 

106-33 

350 


In the above table the numbers given in the first column 

are the volumes in litres {v), in which 1 gram-equivalent of 

the electrolyte (i e.. 74-56 g. of KCS or 85-01 g. of NaNO.) 

IS dissolved. The conductivity values are expressed in 
reciprocal ohms. 


In the case of electrolytes such as potassium chloride and 
so^um mtrate so-(»Ued strong electrolytes, the value of the 
equivalent conductivity at infinite dilution can be obtained 
by means of an extrapolation formula put forward by the 
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German physicist, Friedrich Wilhelm Kohlrausch (1840-1910) 
This has the form ' 

Ae=Ao~b\/^c 

and is found applicable to dilute solutions (c = n/200 and less),^ 
A c is the equivalent conductivity when the concentration is 
c gram-equivalents per litre, and A „ is the equivalent con- 
ductivity at zero concentration (infinite dilution). 

In tlie case of electrolytes like acetic acid, so-called weak 
electrolytes, the value of the equivalent conductivity at 
infinite dilution must be obtained indirectly from the sum 
of the ionic conductivities (p. 231). 

It will be clear from the numbers contained in the above 
table not only that the equivalent conductivity increases 
with dilution, but that, as the dilution increases, the change 
in the conductivity becomes less and less. One can therefore 
conclude that a point will be reached at which further 
dilution will cause no increase in the equivalent conductivity ; 
or in other words, the equivalent conductivity tends with dilution 
towards a maximum. The dilution at which the maximum 
value of the equivalent conductivity is attained, and beyond 
which, therefore, no increase of equivalent conductivity 
occurs, is spoken of as infinite dilution, and the equivalent 
conductivity at infinite dilution is represented by the symbol 
A^ or Ao. 

Ionic Conductivities. — When one examines the A 
values for salts containing the same cation, or for salts 
containing the same anion, an important relation is observed 
which may be illustrated by means of the salts KCI, NaCl, 
KNO 3 , NaNOj. At 18* the A^ values for these four 
salts are 130*1, 109*0, 126*3, and 105*2 respectively, the 
conductivities being measured in mhos. From these values 
one sees that 

/lKa-^Naci = 1301 -109*0=21-1 
^KNO. -^NaNo-=126*3 - 105*2=21*1 
^Ka-^KNo. = 130*1 - 126*3 = 3*8 
^Naci - ^NaNO*= 109 -0 - 105 *2 =3*8 

It is clear, therefore, that when the potassium ion is 
replaced by the sodium ion a certain constant difference, 
equal to 21*1 units, is produced in the equivalent conductivity 
at infinite dilution, no matter what the anion may be ; and, 

^ Ann. Ph!/3ik, 1885, 28, 161 ; 1893, 60, 385: Z. Elektrochem., 1907, 13, 
333. See also TraM. Faraday Soc.^ 1927» 23, 404. 
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similarly, when the chloride ion is replaced by the nitrate 
ion, a certain constant difference equal to 3*8 units is pro- 
duced, no matter what may be the cation. In other words, 
each ion makes a certain definite contribution to the con- 
ductivity of a solution, or the equivalent conductivity at infinite 
dilution is the sum of tivo values (the ionic cojuductivities), 
one depending on the cation and one on the anion. If, therefore, 
one represents the conductivity due to the cation by and 
the conductivity due to the anion by one obtains the 
relationship + This is known as the low of the 

hulependent migration of lon^, and was established in 1876-78 
by Kohlrausch. From the values of the ionic conductivity, 
therefore, one can calculate the values of different 

electrol3des. 

The ionic conductivity increases with rise of temperature 
in accordance with the empirical equation 

^=i,8[l-t-c((-18)]. 

In the following table are given the values of the equiva- 
lent conductivity at infinite dilution of some of the more 
important ions at 18®, and of the temperature ooefficiente c : — 


IONIC CONDUCTIVITIES AT 18* 




c* 


K- 

c. 

H* 

316*0 

0-01573 

d’ 

65-5 

0*0216 

u- 

33*4 

0-0265 

Br' 

67-6 

0-0216 

Na* 

43*6 

0-0244 

1' 

66-5 

00213 

K* 

64*6 

0-0217 

NO,' 

61-7 

0-0205 

NH«. 

64*3 

0-0222 

OH' 

174-0 

0-018 

Ag 

64*3 

0-0220 

Ac' 

35-0 

0-0238 

ICa* 

51*0 

0-0247 

iOx' 

61-0 

0 0231 

*Mg- 

46*0 

0-0256 

* 80 / 

68-3 

0-0227 


For most ions, the temperature coefficient has a value of 
about 0*024, but for the ions of high mobility the value is 
less. 


An illuBtration of the use of the Kohlrausch law may be given in the case 
of acetio Mid. The values of the equivalent conductivity at 18* and at different 
dilutions {m Utres) an shoTO in the table on page 229. Owing to the very high 
dUution at which the equivalent conductivity attains its maximum value, it 
18 not possible to detormme this value experimentally; and it must be 
calcuUt^ from the values of the ionic conductivities of hydrogen ion and 
acetate ion. In this way one obtains the value 

^00 — Ib* 'I’Im'~3I64-36s380. 
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Influence of Temperature on the Equivalent Conductivity 
Since the ionic conductivity increases with rise of temperature 
it IS also found that the equivalent conductivity similarly 
increases. In the case of weak electrolytes, however, which 
may iindergo ionisation with evolution of heat, the’degree 
of ionisation will diminish as the temperature is raised, in 
accordance with the theorem of Le Chatelier (Chap. XII.) ; 
and it may happen that this decrease of ionisation more 
than counterbalances the increase of conductance due to 
increased mobility of the ions. The equivalent conductivity 
will therefore pass through a maximum. Such maxima have 
been observed. 

The variation of conductivity with temperature is a 
complex of effects, and depends not only on the change 
of ionisation of the electrolyte but also on the influence of 
temperature on the dielectric constant and the viscosity of 
the solvent. At ordinary temperatures the conductivity 
increases by about 2 per cent, per degree. 

Degree of Dissociation. Complete and Partial (Reversible) 
Dissociation. — Two factors may be involved in the increase of 
the equivalent conductivity with dilution, the occurrence of 
which is evident from the numbers in the table on page 229, 
namely, change in the velocity of movement or mobility of 
the ions and change in the number of conducting particles 
or ions. According to the classical theory of Arrhenius, only 
the second factor was supposed to be involved. According 
to Arrhenius, an electrolyte in solution undergoes a partial 
dissociation or ionisation, the extent or degree of which 
depends on the concentration. As the dilution is increased, 
more and more of the neutral electrolyte molecules undergo 
dissociation, and the number of conducting particles or ions 
therefore increases. At length, when the dilution is suf- 
ficiently great, the electrolyte is completely dissociated ; no 
further increase in the number of ions can occur, and the 
equivalent conductivity, therefore, must have its maximum 
value. 

According to this classical theory the equivalent con- 
ductivity of an electrolytic solution is a measure of the 
degree of dissociation of the dissolved electroljd^e. If A op 
represents the equivalent conductivity when dissociation is 
complete, or when the degree of dissociation is unity, and il 
A „ represents the equivalent conductivity at a dilution of 
1 gram-equivalent in v litres, then the degree of dissociation 
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a will be given by the expression This conductivity 

ratio w'e may call the Arrhenius coefficient. 

If one calculates the value of o from the values of the 
equivalent conductivities of potassium chloride and acetic 
acid given in the table on page 229, one obtains the following 
numbers : — 


Dilution. 

I 

10 

100 

1000 

10>000 

Litre. 

Litres. 

Litres. 

Litres. 

litres. 

aicci . 

0'755 

0*861 

0*941 

0*979 

0*992 


0-00377 

0*0131 

0-0409 

0117 

0*306 


The behaviour in these two cases is very different. In 
the case of potassium chloride the values of a are high and 
show comparatively small increase with dilution ; in the 
case of acetic acid, however, the values of a are small, even 
in the most dilute solutions, but there is a very great increase 
in the value with dilution. These two series of values for a 


illustrate in a typical manner the difference in behaviour of 
what are known as “ strong ” electrolytes (for which the 
value of a is high), and " weak ” electrolytes (for which the 
value of a is small). Between such typically strong and weak 
electrolytes are others for which a has intermediate values. 
If one accepts the theory of Arrhenius that in the solution 
of an electrolyte one has an equilibrium between free and 
mutually independent particles, the molecules and the ions 
of the electrolyte, one should also be able to calculate the 
degree of dissociation from the osmotic behaviour of the 
solution : for example, from the depression of the freezing- 
point. If 1 gram-molecule of a binary electrolyte is dissolved 
in^ 1 litre, and if the fraction a of the molecules is ionised, there 
will^ then be in the solution (1 — o) gram -molecule of the 
un-io^ed electrolyte and 2a gram-molecule of ions. In all, 
therefore, there will be (1 — a) -i- 2a = 1 + o gram-molecules of 
solute. The observed depression of the freezing-point will 
therefore be greater than the theoretical depression (on the 
assumption of no dissociation) in the ratio 1 -h a : 1. That is 

to say. 


^otaerred • 1 + a 

~A * T — » 

^theo>«Ue*) * 


or 


Similarly^ if a 

molecule of the electrols^te gives rise, on dissociation, to n ions, 
S A 
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the increase in the number of solute particles will be in the 
ratio of n-(n-l)a : 1 ; and a = ilLi. \vheni=n a = l- 

71 — 1 ^ ^ 

that is, dissociation is complete. 

The numbers in the following table enable one to compare 
the values of a obtained from osmotic measurements (a^) 
and from conductivity measurements (a^) respectively * 

SOLUTIONS OF SODIUM CHLORIDE AND POTASSIUM 

NITRATE 


Gram •molecules 
per 1000 g. 
of Water. 

KNO, 

Nad. 


Oa. 



01 

0-787 

0-824 

0*861 

0-860 

005 

0-848 

0-867 

0-888 

0-889 

002 

0-908 

0-911 

0-922 

0-922 

001 

0-937 

0-935 

0 043 

0-941 

0 005 

0-958 

0-953 

0*061 

0-956 

0-002 

0-967 

0-970 

0*960 

0-971 


It is clear from the numbers in this table that the values 
of a<, and show a large measure of agreement ; but in other 
cases marked divergences are found. Thus in the case of 
a 0-5-molar solution of potassium sulphate, a<, = 0-728 and 
a.^=0-714 ; and in the case of a similar solution of magnesium 
sulphate, a^ = 0*322 and 0 ^ = 0-438. 

The approximate agreement between the values of a<, and 
would seem to support, in a qualitative manner at least, 
the hypothesis of Arrhenius, that one is dealing here merely 
with a dissociation equilibrium between un-ionised molecules 
and free and independent ions. This support, however, is 
illusory, because, as can be shown on thermod 3 mamic grounds, 
the inter-ionic forces which, according to modern theory, 
influence the electrical conductivity will also affect the 
osmotic properties ; and the approximate parallelism between 
the values of the conductivity and the osmotic pressure 
cannot therefore be taken as confirmation of the Arrhenius 
hypothesis. Moreover, the marked divergences which are 
met with in some cases show that there are certain factors 
involved of which Arrlienius took no account ; and when 
one comes to test the hypothesis quantitatively, it is found 
(see Chap. XIV.) that although the hypothesis is justified in 
^ Leason H. Adams, Amer^ Chtm. Soc., 1915, 37| 481* 
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the case of weak electrolytes, it is not justified in the case of 
salts and other strong electrolytes. In the case of weak 
electrolytes, it is true, the conductivity ratio or Arrhenius 
coefficient can be taken as representing the degree of dissocia- 
tion of the electrolyte in solution, but in the case of strong 
electrolytes the conductivity ratio is not a measure of degree 
of dissociation. In these cases, other factors enter (Chap. 
XIV.). 

When the electrolytic dissociation theory was put forward 
by Arrhenius in 1887, no satisfactory explanation could be 
given of the process of ionisation which, in the case of salts, 
was supposed to take place to a large extent. At first the 
objection was raised that since the iieat of formation of, say, 
sodium cliloride from its elements amoimts to 98,400 calories, 
a decomposition of the salt, merely by dissolving it in water, 
was unthinkable. Even when it was pointed out that this 
objection rested on a misimderstanding, and that the 
products of electrolytic dissociation are not the atoms 
sodium and chlorine, but the electrically charged ions, sodium 
ion and chlorine (or chloride) ion, the difficulty still remained 
of accounting for the formation and stable existence of these 
ions. By some the formation of ions was attributed to a 
process of hydration, an idea first suggested by Arrhenius, 
and the assumption was made that the affinity between the 
solvent (water) and the ions is greater than that between the 
solvent and the salt molecules, or that the “ residual 
affinity ” of the solvent molecules deflected or weakened the 
Faraday tubes of force by which the atoms were supposed to 
be held together in the molecule. Ostwald, on the other 
hand, postulated that a large amount of energy is liberated 
when an atom combines with an electric charge to form an 
ion, and that this combination, therefore, takes place. The 
growth of knowledge has justified this postulate. 

It was not until after the electronic constitution of the 
atom had been established and an explanation of valency, 
based on this theory, had been given, that a satisfactory 
accoimt of the high degree of dissociation of salts in aqueous 
solution could be offered. According to modem views, the 
sodium atom can part with an electron and so pass into 
the positively charged sodium ion in which the electronic 
configuration is that of the very stable neon atom. Similarly, 
the chlorine atom can take up an electron to form the 
negatively charged chlorine ion, and so assumes the electronic 
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configuration of the verj^ stable argon atom. These ions, 
then, are very stable entities. The molecules of sodium 
chloride, NaCI. consist of sodium ions and chlorine ions in 
the form of electrically neutral “ doublets.” held together 
by electrostatic attraction, and thus potentially free. Even 
in the crystal of sodium chloride, as X-ray examination 
shows, these ions exist, and when the salt is fused the ions 
become free to move, and an electrically conducting liquid 
is obtained.^ 

^lodem views regarding atomic structure and the consti- 
tution of salts or polar compounds have led to a modification 
of the theory of Arrhenius and the setting-up of a theory of 
complete ionisation in aqueous solutions of such compounds. 
According to this theory, the quantitative aspects of which 
will be discussed later (Chap. XIV.), it is concluded that 
when a salt is dissolved in water there is merely a breaking-up 
or separation of the groups of pre-existing ions. In such 
cases, then, ionisation is complete, and increase of the value 
of the van’t Hoff coefficient i, or increase of the osmotic 
activity and of the equivalent conductivity with dilution is 
to be ascribed not to increase in the number of ions, as was 
suggested by Arrhenius, but to an increase of ionic activity 
produced by a decrease of the interionic forces and to a 
change in the mobility of the ions.^ 

Further, since the work necessary to separate two 
opposite electrical charges is inversely proportional to the 
dielectric constant of the medium, it follows that the inter- 
ionic attractions will be less and the extent to which free 
ions exist will be all the greater the higher the dielectric 
constant of the medium. This is the so-called Nemst- 
Thomson Rule, enunciated by Walter Nernst ® and by 
J. J. Thomson.'* In accordance with this rule, the ions of 
a salt may be completely free in aqueous solution (water 
having a liigh dielectric constant), but only incompletely 
free in a solvent of low dielectric constant. In the latter 
case, not only free ions but also incompletely separated 
ionic doublets or ion pairs may exist. The conductivity 

‘ Even in the solid sUte, saiU or polar compounds have been found to 
conduct the electric current when heated to a suitable temperature. t>eo O. 
Tubandt and S. Eggert, Z. anorgan. Chem., 1920, 110, 196. .. 

* To a certain relatively small extent, there may be a dissociation of ionic 

doublets.'’ 

* Z, physikal* Chern.^ 1894, 13» 531. 

* PhU. Mag.. 1893, 38, 320. 
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ratio is thus found to vary considerably in solutions of 
a salt in solvents of different dielectric constant.' The 
dielectric constant, however, is only one of the factors 
operative, the property of the solvent of combining with the 
ions exercising a powerful and, in some cases, a prepondera- 
ting influence. 

Although complete ionisation is to be assumed in the case 
of polar compounds, such as the salts of metals (with a few' 
exceptions, e.g., mercuric chloride) and the metal hydroxides, 
partial and reversible electrolytic dissociation, as assumed 
by Arrhenius, is found in the case of non-polar compounds, 
such as the acids, ammonium hydroxide, and other nitro- 
genous bases, in which the ion radicals are bound by a 
covalent bond. In such cases the compounds in the Uquid 
state, e.g., liquid hydrogen chloride, are non-conductors. 
When such substances are dissolved in w'ater, we may assume 
the occurrence of such reactions as HCl + HgO — H3O -{-Cl , 
the hydrated hydrogen ion or oxonium ion being formed. 
That the hydrogen ion exists in the hydrated form is borne 
out by the fact that X-ray examination of crystals of the 
monohydrate of perchloric acid,* HCIO4 . H2O, shows that 
the components of the polar lattice are H^O' and CIO4'. 
(While bearing the fact of the hydration of hydrogen ion in 
mind, we shall, in general, use the symbol of the anhydrous 
ion, H‘.) Similarly, when ammonia is dissolved in w’ater 
the reaction NH3-f-H20=NH4* -i-OH' takes place. 

Osmotic Coefficient of Salts. Since, according to the 
theory of complete ionisation of salts in solution, the osmotic 
activity may be interfered with by interionic attraction, one 
may introduce, in place of the van’t Hoff factor i, the 
osnwtic coefficient g, defined by the equation. 




where t/ is the number of ions into which a molecule of the 
salt dissociates. The osmotic coefficient, therefore, is the 
ratio of the actual or observed osmotic pressure (or depression 

rf etc.), P, to the ideal osmotic pressure, 

P which would be obtained if the salt were completely 
lomsed and if there were no interionic attraction. The 
osmotic coefficient, g, is always less than unity and the 

I F; ^**‘*®“« phynkal. Chem., 1906 , 64 , 131 . 

* M. Volmer, Annalen, 1924, 440, 200. 
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quatitity, 1 -(/, is a measure of the deviation of the solution 
from the ideal, assuming the salt to he completely ionised. 
In other words, the quantity, 1-gr, is a measure of the 
influence of interionic attraction in such solutions. Since, 
according to modern theory (Chap. XIV.), interionic 
attraction increases with the number and the valency of the 
ions, tlie quantity, 1 — is greater for, say, binary electrolytes 
with polyvalent ions {e.g., MgS 04 ) than for binary electrolytes 
with univalent ions {e.g., NaCl). This is shown, for example, 
by the fact that the value of i for solutions of magnesium 
sulphate is less than for solutions of sodium chloride of the 
same molecular concentration (p. 218). The influence of the 
v'alency of the ions on the value of (1 — gr) becomes very clear 
on plotting the values of (1 — ^) for different electrolytes 
against vc or y/vc, where c is the concentration (Fig. 82).* 

As the interionic attraction 
decreases with dilution, 
the quantity (!-<;) ap- 
proaches zero, or the value 
of g approaches unity, as 
the concentration of the 
salt approaches zero. 

Ionisation of Water. — 
Hitherto the conductivity 
of a solution, even the most 
dilute, has been regarded 
as depending solely on the 
ions of the dissolved elec- 
trolyte, but this is not 
correct. Water has itself 
a certain, though very 
small, conductivity, and 
it must therefore be concluded that it is ionised into 
hydrogen ions and hydroxide ions. The purest water 
which has been investigated electrically was obtained 
by F. W. G. Kohlrausch and Adolf Heydweiller ^ by 
repeated and slow distillation of water in vacuo, and was 
found to have a specific conductance, at 18 , of 
0-043 X 10“® mhos. When such water is exposed to the air, 
the conductivity rapidly rises owing to absorption of carbon 
dioxide, and if ammonia or other soluble impurities are 

^ Ulich aad liirr, Z. angcw. Cfum., 1928, 41, 407. 

^ Z. pht/^kal. 1894, 14, 317. 
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present in the air, the conductivity acquires a still higher 
Wlue. Ordinary distilled water may have a specific con- 
ductance at 18® of 3-6x10-® mhos. How feeble is the 
conductivity of pure water compared with that of a salt 
solution will be more fully realised when it is recalled that at 
1 8® the specific conductance of a solution of potassium chloride 
containing 1 gram-equivalent in 50 litres is 2*4 x 10“® mhos. 
At 0® the specific conductance of water is O-Ol x 10“®, and at 
25®, 0-17 X 10“® mhos. 

From the value of the specific conductance of pure water 
the degree of ionisation can be calculated. The specific 
conductance, or the conductance of a cube of w’ater of I cm. 
side, at 18®, is 0-043 x 10"® mhos. The conductance of 
1000 ml.' when placed between electrodes 1 cm. apart would 
be 1000 times as great, namely, 0*043 x 10“®. If 1 litre of 
water contained 1 gram -equivalent of hydrogen ion and 
hydroxide ion, the equivalent conductivity would be 489, 
that is, equal to the sum of the ionic conductivities (315-t- 174). 
The actual conductivity, however, is only 0-043 x 10“®, and 


the water, therefore, contains only 


0 043 X 10-9 
489 


= 0*88 X 10 


-7 


gram-equivalent per litre. In other words, 1 gram-equivalent 
of hydrogen ion and of hydroxide ion is contained in about 
eleven and a half million litres of water. This value has been 
confirmed by measurements of an entirely different kind, as 
will be described later. 

Amphoteric Electrolytes. — Since water undergoes ionisa- 
tion with production of hydrogen ion and hydroxide ion, 
it will act both as an acid and as an alkali. This property is 
also met with in the case of a number of other compounds 
when dissolved in water, and which are therefore spoken of 
as amphoteric electrolytes or ampholytes. Some of the most 
important of these are the amino-acids. 

Acetic acid, CHj . COOH, when dissolved in water under- 
goes ionisation to a small extent with production of hydrogen 
ion , and it therefore acts as an acid. If the amino-group 

into the molecule, amino-acetic acid or gly cocoll, 
(NHjj) . COOH, is obtained ; and this compound, in 
solution, can not only yield hydrogen ion but, in virtue of the 
pr^ence of the NHj-group, can also, through reaction w'itli 
water ( -NHa-t-HgO= -NH 3 OH), give rise to hydroxide 


t Striotlj, 1000 cm,* 
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ion. Amino-acetic acid, therefore, behaves as an amphoteric 
electrolyte and can act both as an acid (giving salts with 
alkalis, e,g., CHg . NHg . COONa) and as a base (giving 
salts with acids. CH^ . NH^ . COOH, HCl). As in the 
case of all amphoteric electrolytes, however, ionisation takes 
place only to a slight extent, so that amino-acetic acid 
behaves as a very weak acid and a very weak alkali (see 

Chap. XrV.). 

Applications of Conductivity Measurements. — (a) Solu- 
bility of Sparingly Soluble Salts. — As Kohlrausch showed, 
conductivity measurements may be used in order to determine 
the solubility of salts which are so sparingly soluble that 
chemical analytical methods cannot be employed (cf. the 
electromotive force method. Chap. XV.). In order that this 
method may be satisfactorily applied, the salt must be 
obtainable uncontaminated by other electrolytes ; it must 
not be a salt of a w’eak acid or base, because hydrolysis at 
high dilutions and consequent formation of hydrogen ion 
and hydroxide ion w’ould then give too high values for the 
conductivity. Since the salt is only sparingly soluble, it is 
generally assumed that it is completely ionised, and that the 
ions are without action on one another.' 


For example, a saturated aqueous solution of silver chloride bos at 18^ a 
epeciiic conductivity of I *12 x reciprocal ohms (after deducting the specific 
conductivity of the water). The conductivities of Ag* and Cl' are 54*3 and 65*5 
respectively ; therefore, =119*8. If 1 ml. of saturated solution contained 
1 gram*equivalent of silver chloride, the conductivity would be 110*8, but as 
tbo conductivity is only 1*12 x lO^S tho concentration will bo 


1000 . 


oc 


1000 X 1*12 X 10-« 
110*8 


=0*93 X 10“* gram-equivalent per litre. 


(b) Conductimeiric Titrations. — In the titration of an 
alkali by an acid, the addition of the acid from the burette 
reduces at first the concentration of the fast-moving hydroxide 
ions, their place being taken by the less mobile acid anion, 

^ ^ ’ Na' -H OH' -I- H + Cl' >Na* -i- Cl' -I- H 3 O. 

The conductance of the titrated solution, therefore, falls 
until the neutral point is reached ; and thereafter the 
addition of acid causes a marked increase of conductance 
owing to the presence of the rapidly moving hydrogen ion. 

If the number of millilitres of acid added is plotted 

• In some cases, however, the assumption of complete ionisation is not 
correct. See Bhttger, Z. phyaikaL. Chem.. 1903, 46. 621 ; Johnson and Hulett. 
J. Amtr. Cham. Soe., 1933, 65, 2268. 
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against the conductance (or against the resistance as given 
by the bridge readings), the graph which is obtained consists 
of two intersecting straight lines, the point of intersection 
being the neutralisation point (Fig. 83, A). The lines will 
not be straight, however, if a dilute solution of the acid 
is used, for the consequent change in dilution of the titrated 
solution will cause the conductance to vary, apart from 
the effect of the chemical reaction. The solution of the 
acid should be 10-20 times more concentrated than the 
alkali solution to be titrated.^ 

It is better, when dealing with a weak acid, to add the 
acid to the alkali, and, in this case, a strong alkali must be 
chosen. The conductance 
of the solution decreases 
as the acid is added, for 
the hydroxide ion is re- 
placed by the slower anion 
of the acid. As the acid is 
only slightly ionised, and 
its ionisation is reduced 
by the presence of a salt 
of the acid (Chap. XIV.), 
excess of acid does not 
give an increased con- 
ductance. The neutral 
point can, however, be 
obtained, because there is a sharp change in the direction of 
the conductance curve (Fig. 83, B). 

Conductimetrio titrations of acids and alkalis are very 
useful when coloured or turbid solutions are to be titrated, 
for then indicators cannot be employed. 

Cither reactions which cause a sharp change in the con- 
ductivity of a solution can also be followed by measurements 
of the conductance. 2 Such reactions are those which result 
in the formation of a precipitate. Thus, one can determine 
the concentration of barium by means of lithium sulphate : 

BaCJlg + LigSO* ► BaSO* + 2LiCn. 



Fiq. 83. 


* Se«. for example, P. Dutoit. J. Chtm. Phya.. 1010, 8. 12 • H S Hamod 



242 INTRODUCTION TO PHYSICAL CHEMISTRY 

Since lithium ion has one of the lowest, and the sulphate 
ion one of the highest mobilities, the replacement of barium 
ions by lithium ions, and, after the end point, the addition 
of sulphate ions, result in a sharp change in the conductivity 
curve ; and thus one gets an accurate determination. Or, 
again, one may estimate magnesium sulphate by the addition 
of baryta. In this case two precipitates are formed, as shown 
by the equation : 

MgSO^ + Ba(OH)2 ►Mg(OH)2 + BaS04, 

and the end point is again sharply defined on the graph. 
Magnesium sulphate can be determined in the presence of 
calcium by this method. 

If the precipitates formed during the titration are slightly 
soluble, the angle of intersection of the two lines of the 
graph is rounded off. In this case the straight sections of 
the curves are produced, and the point of intersection is 
taken as the end point of the titration. 

As will be shown later (Chap. XIV.), conductivity 
measurements may also be applied to determine the degree 
of hydrolysis of a salt. 

The Mobilities of Ions. — The equivalent conductivity of 
an electrolyte at infinite dilution is, as has been pointed out, 
made up additively of the equivalent conductivities of its ions, 
Zc and la ; and when one examines the values given on page 
231, considerable differences are observed. It is found, 
more especially, that the conductivities of hydrogen ion and 
hydroxide ion are markedly greater than those of the other 
ions. Since the equivalent conductivity represents the 
amount of electricity carried in unit time by 1 gram-equiva- 
lent of the ion under unit driving force or fall of potential, 
these differences might be due either to the ions carrying 
different amounts of electricity or to differences in the rate 
of motion or mobility of the ions. One gram-equivalerit of 
an ion, however, carries the same amount of electricity 
no matter what may be the nature of the ion, and it 
follows, therefore, that the differences in the values of 
the ionic conductivities must be due to differences in the 
mobilities of the ions. Under the same driving force, there- 
fore, or under the same potential gradient 
potential per centimetre), different ions move with different 

velocities. 
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The following very inatructivo expeiimcnt, due to the American chemists 
A. A. Noyes and A. A. Blancbard,^ will serve to demonstrate not only the 
migration but also the differences in the velocity of migration of ions- The bend 
and about three-quarters of one limb (A) of a U*tube (Fig. 84) are filled with a 
6 per cent, gelatin solution containing potassium chloride (4 ml. of saturated 
potassium chloride solution to 15 ml. of 5 per cent, 
gelatin solution), and phenolphthalein rendered pink 
by the addition of a fow drops of caustic potash solution. 

When this has set, a quantity of the same solution, 
but without the alkali, is filled into the other limb (B) 
of the U-tubo and the solution allowed to set. Im- 
mediately before the experiment is started a solution 
of cupric chloride and hydrochloric acid is poured into 
the limb A, and a solution of caustic potash and 
potassium chloride into the limb B, and platinum 
electrodes, connected with a battery, are then placed 
in these solutions, the positive electrode in A and the 
negative electrode in B. On allowing the current to 
pa ftfl, hydrogen ion migrates towards the cathode, 
passing downwards into the gelatin solution in limb A 
and decolorising the phenolphthalein ; and, on the 
other hand, hydrozidd ion migrates towards the anode, 
passing downwards into the colourless gelatin solution 
in limb B and colouring the phenolphthalein pink. A 
colourless zone C will thus extend downwards in limb 
A, and a coloured zone D in Umb B ; and it will be Fio. 84. 

found that the former zone is much wider than the 

latter, showing that the velocity of migration of hydrogen ion is much greater 
than that of hydroxide ion. After a time it will also be observed that the blue* 
coloured copper ions, which migrate towards the cathode, penetrate into the 
colourless zone produced by the hydrogen i ons, but as the copper ion migrates 
much more slowly than hydrogen ion, blue zone E is comparatively narrow. 

If in a solution containing 1 gram -equivalent of electrolyte 
the latter is completely ionised (infinite dilution), then there 
will be present in the solution 1 gram-equivalent of cation 
and 1 gram-equivalent of anion ; and if this solution be 
placed between electrodes 1 cm. apart, and if the difference 
of potential between the two electrodes be 1 volt, then the 
amount of electricity which passes in 1 sec. between the 
electrodes will be 96,500 coulombs in one direction, and 
96,600 Mo coulombs in the opposite direction,® where and 
Mo are the velocities of the cation and anion in centimetres 
per second under a fall of potential of 1 volt per cm. The 
total amount of electricity passing in 1 sec. will therefore be 
96,500 (Mo-i-Mo) coulombs. According to Ohm’s law. 

Current in amperes ^electromotive force x conductance, 

end since the strength of current in amperes is equal to the 
number of coulombs passing per second, one has (since the 

» Z. phyniM. Cheiju, 1901, 86, 1 } J. Amer. Chtm. Soc,, 1900, SS. 726 
Because 1 gram-equivalent of an ion oairiea 96,600 coulombs. 




244 INTRODUCTION TO PHYSICAL CHEmSTRY 

e.m.f. is equal to 1 ), conductance = 96,500{tt«, + Mj. This 
conductance, however, must be equal to the equivalent 
conductivity at infinite dilution, because there is 1 gram- 
equivalent of completely ionised electrolyte between the 
electrodes. Consequently, 

=96,500(u^+uJ, 

or =96,50024, + 96,500Ma =?„ -t- 

The qiiantity, 96,500 -u,, therefore, represents the contri- 
bution to the total conductivity made by the cation, and 
96,500 Ua the contribution made by the anion. Since, as 
has been found, these contributions are not equal, it follows 
that 24, cannot be equal to 24^. 

Although from determinations of one is able to calcu- 
late the value of the sum of the mobilities of the ions, another 
relationsliip between these quantities must be known in 
order to obtain the individual values of 24, and u^. Such a 

relationship is the ratio — , a ratio which can be determined 

Ua 

by a method due to Johann Wilhelm Hittorf (1824-1914), 
Professor of Physics and Chemistry in the University of 
Munster. 

As has already been pointed out, Faraday showed that 
when a solution is electrolysed, equivalent quantities of ions 
are discharged at the cathode and at the anode. It might 
therefore be thought that the decrease of concentration of 
electrolyte at the two electrodes would be the same. This, 
however, is in general not the case ; in fact, the fall of 
concentration at the two electrodes during electrolysis may 
vary greatly, owing, as Hittorf pointed out in 1853, to 
the difference in mobility of the ions. This will be readily 

understood from the diagram (Fig. 86). 

Let us suppose that the solution between the electrodes 
is divided up by a number of imaginary parallel partitions, 
equidistant apart, and let us suppose that the ions of the 
electrolyte, one positive and one negative, lie in the cells so 
formed (Fig. 85). During electrolysis, the positive ions wffi 
move towards the cathode, and the negative ions towards the 
anode, and wiU there be discharged. If the electrolysis is not 
continued too long, it is clear that change of concentration 
of solution can take place only in the neighbourhood ot tne 
cathode and of the anode, in what we may call the cathode 
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compartment and anode compartment respectively, whereas, 
in the body of the solution, represented in the diagram as 
lying between the wavy lines, the concentration will remain 
unchanged. Only the changes of concentration, therefore, 
which take place in the cathode and anode compartments 
need be considered. 

Since, at the commencement of the electrolysis, the con- 
centration is uniform, the number of positive and negative 
ions in the cathode and anode compartments respectively will 
be the same, as indicated in the diagram, where six equivalents 
of electrolyte are shown. Let an electric current be now 
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passed through the solution for a certain unit of time, and 
let us suppose that the cation moves twice as fast as the 
anion ; then, at the end of the unit of time the positive ions, 
we shall suppose, will have moved over two spaces, while 
the negative ions will have moved over only one space. 
Moreover, at the end of the unit of time, three positive ions 
and, similarly, three negative ions will have been discharged. 
In the cathode compartment there are now left only five 
complete molecules, in the anode compartment only four. 
Since there were initially six molecules in each compartment, 
the fall of concentration in the cathode compartment will be 
represented by 1, while the fall of concentration in the anode 
compartment is 2. SimUarly, if the electrolysis were con- 
tinued for another unit of time the concentration in the 
cathode compartment would faU fi-om 6 to 4 , representing a 
total faU of concentration of 2 ; wliile the concentration in 
the anode compartment would faU from 4 to 2, representing 
a total faU of concentration of 4. We see, therefore, that the 
tall ot concentration in the anode compartment is twice as 
great as the faU of concentration in the cathode compartment • 
but, accordmg to our assumption, the mobility of the cation 
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is twice as great as the mobility of the anion, and we therefore 
obtain the relation 

Velocity of c ation decrease of coDcentratioD round anode 

Velocity of anion decrease of concentration round cathode' 

Transport Numbers. — Since the velocities with which the 
cations and anions move are, in general, not the same, it 
follows that in a given time more electricity must be trans- 
j)ortod in one direction than in the other, the amount 
transported in either direction being proportional to the 
velocity of the ion transporting it. As the total amount 
of electricity passing in unit time is proportional to We+t/„ 
or to lc + lai fraction of the total current transported 

by the cation will be proportional to — ~ — or to — , and 

«^c+W<i h+h 

the fraction transported by anion will be proportional 
'll I 

to — or to - 1 — These fractions are knovm as the 

TRANSPORT NUMBER or TRANSFERENCE NUMBER of the Cation 
and anion respectively. If, as is usual, one represents the 
transport number of the anion by n^, one has 

n - ^ 

A relation is thus obtained between which can be deter- 
mined experimentally, and the relative velocities of migration 
of the ions. The transport number of the cation, n,., is, 
of course, equal to 1 — n^. 

The determination of the transport numbers and the ratio of the mobilities 
of the ions can be cooTenicntly carried out in the apparatus shown diagrammatic^ 
ally in Fig. 86. This consists of three tubes, of which A represents the anode 
compartment and B represents the cathode compartment. The apparatus is 
filled with a solution of known concentration, and the electric current is allowed 
to pass for a certain time, which, however, must not be so long as to bring about 
a change of concentration in the middle portion of the solution contained in 
tube C. At the end of the experiment the solution is run from A and B into 
separate flasks, and the concentration determined by analysis. The decrease 
of concentration at the two electrodes is thus obtained. (The tube B' is used 
when gas is evolved at the electrode.) ^ . 

In a particular case in which silver nitrate was electrolysed, the composition 
of the solution before electrolysis was auch that in 10*058 g. of solution there 
were 9*973 g. of water and 0 0847 g. of silver nitrate. That is, for every D-973 g. 
of water there is 0-000498 gram-equivalent of silver. 


* See Findlay, Practical Physical Chtmi^iry. 
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Aiter electrolysis, 27*04 g. of eoluiiOD were fouud to contain 0*2S!8 g. of 
eilver nitrate ; that is, for every 26*78 g, of water thero is 0-2818 g. of silver 
nitrate, or 0*001658 gram-equivalent of silver. 

If the solution had remained unchanged in composition, 26-70 g. of water 

would have been associated with ^ = 0-001337 gram -equivalent 

of silver. There has been an increase, therefore, of 0*001658 - 0*001337 =0*000321 
gram -equivalent of silver. 

The weight of copper deposited in a voltameter in series amounted to 
0-0194 g. or to 0*(^610 gram-equivalent, and the total amount of 
electricity passed through the solution is proportional to this number- 


r 





B 
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If none of the silver had wandered away from the anode, there ought, there* 
fore, to ^ve been an increase of 0*000610 gram-equivalent, because during 
elMtrolyeis the liberated nitrate ion reacts with the silver electrode to form 
^ver nitrate. But the increase found amounted only to 0-000321 gram-equiva- 
lent. Hence there must havo wandered away 0*0^610-0*000321=0*000289 
gram-eqmvalent of silver, and this number must be proportional to the velocity 
of the silver ion. Hence the fracUon of the total current carried bv the 

0*000280 ^ 
cation amounta to =0-474. From this it foUows that the fraction 

anion amounts to 1 -0-474 =0-626. These two numbers, 0-620 
and 0-474, are called the ^nsport numbers of the nitrate ion and aUvor ion 
respectively m a solution of silver nitrate. 

The relative mobility and the transport numbers of tons may also be 

i^. method, first employed by Sir OUver 

Lodge, and later by W. C. D. Whetham * and by J. I. Oime M^on,* in tho 


^ Brit. Asmc. Seporta, 1886, 389. 

* Phii. Tram., 1893, 184. A, 337 • 
*PhH.Tram.. 1899; aI 331. 


1895, 186, A. 607. 
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case of electrolytes with coloured ions. It is, however, also possible to make 
use of the method even when the ions are not coloured^ the moving boundarv 
being made evident by the difference in refractice index. ‘ ^ 

The transport number of an ion varies with the con- 
centration, as is shown in the following table : — 


TRANSPORT NUMBER OF CATIONS AT 18® 


Electrolyte. 

Concentration in Gram -equivalents per Litre. 

001. 

0-02. 

0 05. 

0-5. 

1-0. 

UCl . 

0-332 

0-328 

0-320 

■■■ 


NaCl . 

0-397 

0-396 

0-393 


0-365 

KCl . 

0-496 

0-496 

0-496 


0-490 

Ha . . . 

0-833 1 

0-833 

0-834 

MiMm 

0-844 

AgNO, 

0-471 1 

0-471 

0-471 

# « « 

• • • 

H,S 04 (at 20®) 

1 

0-822 

0-822 

0-816 

0-812 

CuSO^ . 

# 4 » 

0-375 

0-375 

0-327 

4 4$ 


The transport numbers vary also with the temperature, 
the values for the anion and cation, in the case of uni- 
univalent electrolytes, tending, at high temperatures, to 
approach 0*5. 

It will be learned later that the transport number of an 
ion may also be determined by means of electromotive force 
measurements (Chap. XV.). 

It may, perhaps, be emphasised here that since the 
transport number depends on the relative mobihties of the 
cation and anion the value for a given ion will depend on 
the nature of the other ion with which it is associated in 
solution. Thus the numbers in the above table show that the 
transport number of chloride ion in a solution of lithium 
chloride (c = 0-01) is 0-668, whereas, in a solution of hydro- 
chloric acid, it is 0-167. 

Absolute Velocities of Ions. — It has been pointed out that 
/i =U 4 -Z., and if one combines this with the relations given 


* See R. B. Denison and B. D. Steele, Phil. Trans., 1906* 205, A, J ®- 
Smith and D. A. Macinnes, J. Amer. Chern. Soe., 1924, 46, 1^8 ; 192^ 47, 
1009 : Macinnes and coUaboratore, ibid., 1926, 48, 1909 ; 1929, 61, 267 ; H. . 
Cady and L. G. Longsworth. ibid., 1929, 61, 1656. For » d^cusa^ of the 
moving-boundary method, see Macinnes and Lon^worth, Chem. Pev.. lyJA 
9 17ir For more recent determinations, see also Hartley and 
Faraday Soc., 1934, 80, 048 ; Longsworth and Macinnes, J. Amer. C/iem ooc., 
1938, 60, 3070 ; R* Wright, J. Chtm* Soc.^ 1942* 678. 
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\ \ 

above, n^=-^ — 7 — r— v= ^= 7 — TT’ obtains the 

l + (7ie/Wa) W« + Ma Ic + h 

important results, na = 7 — ^a=’^a^oo’ 

It is therefore possible, from the experimentally 
determined values of and of A qq , to calculate the values 
of Z 4 and of 1^. Since, moreover, 2^ = 96,500 Uc and 
=96,500 Ua, one can, from the experimentally determined 
values, calculate the absolute vdocities of the ions and m,, 
or the velocities of migration of the ions under a fall of 
potential of 1 volt per cm.* Some of these values are given 
in the following table : — 

VELOCITIES OF IONS AT 18“. 

H- Li- Na- K* OH' Cl' NO,' Ao' 

33 3*5 4*6 C‘7 18*2 6*8 6*5 3*6 x 10"* cm. per 50C. 


Complex Ions. — In discussing the transport numbers of 
ions the relative velocities of migration were deduced from 
the changes of concentration around the cathode and anode, 
on the assumption that when a salt is dissolved in water it 
gives rise to a positively charged metal ion and a negatively 
charged acid ion. In certain cases, however, an abnormal 
behaviour is observed. Thus, when a solution of potassium 
silver cyanide is electrolysed, it is found that the silver 
migrates not towards the cathode but towards the anode, 
and it must therefore be inferred that the silver is not present 
in solution as a cation. Tliis conclusion is also borne out 
by the fact that no precipitate of silver chloride is obtained 
when a soluble chloride is added to the solution of potassium 
silver cyanide. The behaviour observed in this and in other 
cases led to the conception of complex ions, formed by the 
combination of an ion with a neutral molecule ; and in the 
solution of potassium silver cyanide one infers the presence 
of the ions K' and Ag(CNV, the latter ion being formed by 
the combmation of AgCN with CN'. 


-{ 1 ^??!//.®^“®® of 5UTOr as part of a complex anion in aoluUons of potassium 
of a U the foUowing experiment.* The bend 

^ ^ 8u«penfiioa (A) of precipitated and washed 
IB a 6 per wnt. gelatin solution, to which, als(^ potassium nitrate 
>B added to act ae a conductor. When the gelatin has set. a*3im la^t“S^of 

A. A. Noyee and A. At Blanchard, Z. phytikai. Chtm^lWl, 88, K 
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a gelatin solution, containing potassium nitrate only, is poured into one limb 
of the tube, and when this layer of gelatin has set, a gelatin solution (C) 

containing potassium nitrate and potassium silver cyanide 
is poured into the same limb of the tube. An aqueous 
solution of potassium nitrate (D) is then poured into each 
limb of the tube and a small current of electricity passed 
through the solutions in the direction indicated in the 
figure. After some time it will be found that the zinc 
sulphide under the layer (B) will begin to blacken, owing 
to the formation of silver sulphide, thus showing that 
sUver is migrating towards the anode. 

By a similar experiment ^ it can be shown that in 
Fehling*8 solution copper forms part of a complex copper 
tartrate anion. 

A striking example of deviation from 
the ordinary behaviour of salt solutions is 
met with on electrolysing a solution of 
cadmium iodide. It has been pointed out 
that when a solution of silver nitrate is 
electrolysed, the concentration of silver 
round the anode is less than it would be 
if migration of silver ion were not assumed. In the case 
of solutions of cadmium iodide, however, it is found that 
there is an increase of concentration of cadmium at the 
anode. There must therefore take place an immigration of 
cadmium into the anode space more than sufficient to 
counterbalance the emigration of cadmium ions from the 
anode solution to the cathode space. * 

Since, as we have learned, 

decrease of con centration round anode 
decrease of concentration round cathode’ 

and since there is an increase of concentration round the 
anode, t.e., a fall of concentration with negative sign, it 
follows that the ratio udu^ has a negative sign. On calcu- 
lating the transport number of the anion, therefore, from the 

expression »-= ^ — r, it is found that must have a 

value greater than unity, as is shown by the following 
numbers : — 


+ 



TRANSPORT NUMBER OF THE IODIDE ION IN SOLUTIONS 

OF CAD^^UM IODIDE 

Concentration in gram-molecules 0-01 0-05 0*2 0-6 1‘0 2 0 

por litre „ 

. 0-66 0-64 0-83 


n 


1-0 


112 1-22 


* J. I. O. Masson and B. D. Steele, J. Chem. Soc., 1899, 76, 726. 
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These numbers indicate that as the concentration in- 
creases complex ion formation also increases ; and that as 
the solutions are made more and more dilute, the complex 
ions dissociate into the simple ions, and the solutions exJiibit 
normal behaviour. By increasing the concentration of 
iodide ion (addition of potassium iodide to the solution), 
the concentration of complex ions can also be increased 
owing to the reaction 

Cdl2 + 2l' = CdI/'. 

The form&tioD of complex ione in solutioo is also borne out by determinations 
of the depression of the freezing-point. Thus^ when one determines the freezing* 
point of a normal solution of hydrochloric acid to which varying amounts of 
mercuric chloride are added, the following numbers are obtained 


Conce&tratioo of HgCI^ 
(Gram-molecule per Otre). 

Freez ing- po Lnt. 

00 

-3-965 

0-125 

-3-785 

0-25 

-3-560 

0*6 

-3-350 


It is seen that on adding mercuric chloride, the freezing-point rises, thus 
bdicatiog that a decrease of the number of solute molecules has taken place. 
This can be explained by the assumption that complex ion formation occurs 
through the reaction HgCl,-f 2C1' = H^1/. 

Hydration (Solvation) ot Ions, — In ca! dilating the trans- 
port numbers of ions from the results obtained by the Hittorf 
method, it is assumed that the ions are “ bare ” or 
uncombined with water or other solvent ; and when one 
examines the values, so calculated, of the transport numbers 
of the ions of the alkali metals in salts containing the same 
anion, it is found that the value increases with increase of 
the atomic weight of the metal. The mobilities, therefore, 
of the ions increase in the same way. This conclusion is 
contrary to what one would expect, for one would expect 
that, under a given potential gradient, the lighter lithium 
ion would have a greater velocity than the heavier c»siura 
ion. If, however, it is assumed that the ions are hydrated 
or, speaking more generaUy, solvated, the behaviour observed 
could be explamed on the assumption that the degree of 
ion-hy<^tion decreases as the atomic weight increases. 

Various attempts have been made, by means of migration 
and other experiments, to determine the extent to which ions 
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are solvated. Tims, in 1909, E. W. Washburn determined 
the transport numbers of ions in aqueous solutions containing 
a definite concentration of the non-electrolyte raffinose.* If, 
during electrolysis, the ions transport water, then the concen- 
tration of the raffinose at the electrodes will undergo change, 
and the relative hydration of the ions can be determined. In 
this way Washburn found that if the hydrogen ion is assumed 

one molecule of water, the hydration 
of other ions is given by the values: Cl' = 4; Li' = 14 • 
Na'=8-4; K*=5'4; Cs'=4-7. 

Although it is now generally accepted that solvent is 
transported by the ions during electrolysis, opinion differs 
as to w’hether the solvent molecules are held by the ions 
by purely physical forces, or whether and to what extent 
chemical combination takes place between the ions and the 
solvent. In the case of the hydrogen ion, the view is 
increasingly held that, in aqueous solution, chemical hydra- 
tion takes place, and that hydrogen ion exists as the 
hydrated ion H(H 20 )' or HjO' ; and chemical hydration 
may also occur with other ions. Even, however, if chemical 
h 3 '^dration or solvation occurs, through the formation of 
co-ordinate linkages or semipolar double bonds, it is accepted 
that molecules of the solvent are also held attached to 
the ions by electrostatic forces, depending on the extent 
to which the solvent molecules form “ dipoles,” and on 
the intensity' of the electrical field at the srurface of the 
ion. The extent to which a solvent can combine 
or associate with an ion will affect the extent to which 
ion doublets or undissociated molecules can exist in 
solution. 

Non-aqueous Solutions. — It has been found that not onlj' 
water but also many other liquids, both organic (e.j?., the 
alcohols, acetone, benzonitrile) and inorganic {e.g., liquid 
hydrogen cyanide, sulphur dioxide, ammonia), may act as 
ionising media and yield solutions which conduct the electric 
current ; and such solutions have formed the subject of 
many investigations. The behaviour of such solutions has 
been found to be much more complex than that of aqueous 
solutions. 

« Washburn. J. Amur. Chem. Soc., 1909. 31, 322; Washburn and E. B. 
Millard, ibid., 1915, 37, 694. See also H. Remy, Z. 

89, 467, 529 ; J. Baborovsky. J. Physical Chsm., 1928, 26, 452 ; Uillicent 
Taylor and E. VV. Sawyer, J, Chem^ Soc*, 1929, 2095. 
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Although, in the case of a number of non-aqueous 
solutions, the equivalent conductivity increases with dilution, 
in other cases, especially when the dielectric constant of 
the solvent is small, the value of the equivalent conductivity 
may pass through a minimum ; a behaviour which may 
be attributed to a change in the dielectric constant of the 
medium with concentration of the solution, or to chemical 
reaction between solute and solvent (solvation). 

That solvation of ions takes place in a varying degree in 
different solvents is supported by the fact that the product 
of the equivalent conductivity and viscosity of the medium 
{A a, . rj), or the product of the ionic conductivity and viscosity, 
at infinite dilution, is not constant for different solvents, as 
it should be if the size and therefore the speed of the ion, 
under a given potential, were independent of the medium. 
In the following table ^ are given the values of the product 
of ionic conductivity and viscosity ( 1 ^ . 17) for a number of 
cations at 25 *“ : — 


Solvent. 

lOOri. 

Uxi\, 

H-. 

14*. 

Na*. 

mm 


cr. 

Br'. 

NO*'. 

Water 

Methyl alcohol 
Sthyl alcohol 
Acotoae 

Acetonitrile 

0*894 

0-545 

1087 

0*3158 

0*340 

3*14 

0*779 

0-8C9 

• 4 • 

0-347 
0*213 
0-192 
0 224 

• 9 9 

0-459 

0-251 

0-238 

0-217 

0*28 

0*808 

0-292 

0-287 

0*220 

0-31 

0*295 

0*294 

0*295 

0*204 

0*294 

1 

0*682 

0*284 

0*232 

0*332 

• p • 

0 698 
0*305 
0 244 
0*370 
0*35 

0-834 

0*832 

0*282 


It will be observed that marked deviations from constancy 
occur, more especially in the case of aqueous solutions. 
Approximate constancy of the product is found only in the 
case of ions which have slight residual affinity ” or power 
of forming co-ordinate linkages, such as the ion N(C2H5)4', 
and which are therefore not markedly solvated. 

In the case of a number of strong electrolytes in different 
solvents, it was found by Paul Walden, Professor of Physical 
Chemistry in the University of Rostock,* that for a given 
value of the Arrhenius coefficient {AJA^), the value of 
€ . yv IS constant » where c is the dielectric constant of the 
solvent and v is the dilution. There are, however, many 
exceptions. It is clear, therefore, that the dissociating powder 
of a solvent does not depend only on its dielectric constant.^ 

‘ H. UUch, Tram. Faraday Soc., 1927, 23, 388 

* Z. physikal. Chem., 1920, 94, 203. 

• Soo C. A. Kraus, EltetricaUy Conducting Systems. 
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The behaviour of electrolytic solutions, it is clear, is much 
more complex than would appear to be the case from a study 
only of aqiieous solutions ; and it has become evident that 
the electrolytic dissociation of an electrolyte depends not 
only on physical factors, such as the dielectric constant of 
the medium, but also, and in some cases mainly, on chemical 
factors — the chemical nature of the solvent and of the ions. 
The greater the tendency of the ions to become solvated, 
the greater the degree of dissociation ; and the dissociating 
power of a solvent may be related to its power of forming 
co-ordinated linkages or semipolar double bonds, or to its 
power of acting as a donor and acceptor of electrons. Such 
solvents are very generally found to be associated liquids. 



CHAPTER XI 


THERMOCHEMISTRY AND THE FIRST LAW 

OF THERMODYNAMICS 

When a. reaction is considered from the purely chemical point 
of view, interest is concentrated on the material substances 
involved, and the chemical and physical properties of the 
substances are those which attract attention. A chemical 
change or reaction, however, is in general accompanied by 
certain heat effects — evolution or absorption of heat — 
although in the case of certain intramolecular transforma- 
tions these heat effects may be absent or negligible. Since 
heat is a form of energy, it is clear that a substance may be 
regarded as a carrier of so much energy, and we may then 
direct our attention not merely to the chemical properties 
of the substances involved in a reaction but also to the 
changes of energy which accompany the transformation of 
substances. In some cases, indeed, as is well known — in 
the case, for example, of the combustion of fuel — it is not the 
chemical nature of the substances which is of interest but 
the energy change, the evolution of heat, which accompanies 
the chemical process. 

Similarly, chemical energy, or the energy associated with 
substances and due to the nature and arrangement of their 
structural units, may be converted into other forms of 
enei^-—e.g into electrical energy, as in the voltaic cell— and 
a study of the conditions under which and of the laws 
acoordi^ to which these conversions take place is one of 
much importonce. In the present chapter we shall be 
concerned only with the relations between heat energy and 
chemcal energy, and the relations between chemicS and 
electncal energy will be considered later. 

ThermodynamicB.— The study of the laws of 
transformation of one form of energy into another constitutes 

26S 
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a branch of science known as thermodjTiamics, the basis of 
wliich is the law of conservation of energy. This law was 
first enunciated in 1842 by the German physicist, Julius 
Robert Mayer (1814-78), and in 1847 it was more ac- 
curately defined and more fully illustrated by Hermann 
Ludwig Ferdinand von Helmholtz (1821-94). This great 
generalisation, constituting as it does the First Law of 
Thermodynamics, may be stated thus : In an isolated 
system the sum total of energy remains unchanged no matter 
what chemical changes may take place in the system.^ In other 
words, energy can be neither created nor destroyed. This law 
may be inferred from the failure of every attempt made 
during the preceding centuries to construct what is called a 
perpetual motion machine of the first class, or a machine 
which would give out more work or energy than is put into 
it ; and it may also be derived inductively from the 
experiments of James Prescott Joule and others. These 
experiments showed that whenever mechanical work or 
other form of energy is converted into heat, the ratio of the 
amount of energy which disappears to the amount of heat 
which is produced is constant. In actual practice, it is true, 
the condition of isolation postulated in the law cannot be 
completely realised, for it is not possible to obtain an insulator 
so perfect that no heat can pass into or out of a system ; 
nevertheless, the more nearly complete isolation is attained, 
the more completely is the validity of the law proved 
experimentally. 

Since, then, mechanical, electrical, and other forms of 
energy can be converted into an equivalent amount of heat 
energy, one may express a given amount of energy in units 
of the different forms of energy. Thus, in heat units, 1 
calorie or 1 gram-calorie (cal. or g.-cal.) is the amount of heat 
which will raise the temperature of 1 g. of water from 15 
to 16° c. It has, however, been found experimentally that 
when mechanical energy {e.g., the fall of a certain weight 
through a certain distance) is converted by friction into heat, 
4-185 X 10’ ergs ofworkmustbe expended in order to produce 
1 calorie of heat. Therefore, 1 cal. =4-185 x 10’ ergs. This 
is known as the mechanical equivalent of heat. 

A larger unit of energy than the erg has also been intro- 
duced, namely, the joule (j.), which is equal to 1 x 10 ergs. 

» This generalisation does not hold in nuclear tranafonnations, as has already 
been explaiDed in Chapter 1. 
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One has, therefore, the relation, 1 cal. =4*185 j., or 
1 j, =0*2390 cal. Also, 1 cal, =42,670 gram-centimetres. 

When a gas expands against a certain pressure from 
volume Vi to volume V 2 , it does a certain amount of work, 
represented by the product piVj-Vi). If the pressure is 
measured in atmospheres and the volume in litres, the 
work done, or energy given out, is expressed in litre-atmos- 
pheres. It is found that 1 cal. =0*0413 litre-atmosphere, 
or 1 litre-atmosphere = 24*21 cal. 

Instead of the ordinary or gram-calorie, it is sometimes 
convenient, in thermochemistry, to use as unit of heat 
energy the kilogram-calorie (kg. -cal.), or the heat required to 
raise the temperature of 1 kg. of water from 15° to 16°. 
One has, then, 1 kg.-cal. = 1000 g.-cal. 

Changes in the Total Energy of a System. — A chemical 
system (one substance or a group of substances) contains a 
definite amount of energy which depends on the mass, 
chemical nature, and physical conations (temperature 
volume, etc.) of the system ; and this is constant so long as 
the system is unchanged. The absolute value of the total 
energy, or, as it is also called, the internal energy or intrinsic 
en^gy of a system, is unknowm, and all that one can deter- 
mine is the change of total or internal energy ( - U^) when 
the system a undergoes change and passes into a new system 
b with a diflferent total energy. When such a change takes 
place the decrease of internal energy {- AU) oi the system 
must, in accordance with the law of conservation of energy, 
be equal to the external work (ti>) done by the system minus 
the heat absorbed (g). That is, 


- AU = — U^=V)-q. 


When no external work is done by the system, t.e., when no 
change of volume takes place, then ~ AV^-q^ \ or the 

decrease of internal energy is equal to the heat evolved at 
constant volume.^ 

In stating this first law of thermod3niamics, one may also 


PoaitivftT^ V . in thermodynamics heat abtorhtd is given the 

^ “ negaUve. In thermoohemiatr^ on the 

^ ‘ •^olyed 18 represented with the positive sign. In thermo- 
hS?aS,rS^d the standpoint of the^tem, so that 

but in tKnin.L ^ system aod therefore represented as positive: 

* sorbed is regarded aa a loss and therefore giveo a negative 


9 
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consider the increase, of total or internal energy when heat is 

added to the system and when external work is done by the 

system. If one represents increase of internal enerffv h-v AT7 
one has ^ ^ . 

AU = Ui,- Va=q-w, 

where, again, q is the heat absorbed by the system and w is 
the external work done by the system during the process. 

Another nomenclature is also employed. When, during 
a reaction, change of volume at constant pressure takes 
place, the increase of total energy is given by the expression 

AU=Ut, - V^=q^ -Pivt-Va), 

where is the volume of the initial system and is the 
volume of the final system. This expression can also be 
written in the form ; 

( Ub + pVb) - ( + pv^) = 

The quantity {U +pv) is called the heat content or enthalpy 
of the system, and is represented by H. One obtains, there- 
fore, the relation 

Hb - H^= AH = q^= AU -\rp . Av. 

The quantity, AH, represents the heat of reaction at constant 
pressure, and has a positive sign when heat is absorbed and 
a negative sign when heat is evolved. 

The heat of a reaction, it will be clear, is a measure of the 
change of total energy of a system only when no external 
work is done. When external work is done, as when a gas 
is formed in a reaction carried out under constant pressure, 
the decrease of the total energy is equal to the heat of reaction 
plus the work done. When a gas is formed under atmos- 
pheric pressure, the work done per gram-molecule of gas is 
given by pv = R'T cal., so that for every gram- 

molecule of gas formed in a reaction, under atmospheric 
pressure, 1-9877’ cal. must be added to the measured heat 
of reaction in order to give the change of total energy 
during the reaction or the heat of reaction at constant 
volume. Thus, in the reaction, 

Zn+HgSO*, aq.=ZnS 04 , aq.-t-Hg, 
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the heat of reaction measured is 34,200 cal. at 16°. At 
this temperature l-OST^ cal.=575 cal., and therefore the 
heat of the above reaction at constant volume is 34,200 + 

575 = 34,775 cal. . 

If, on the other hand, gases disappear during a 
reaction, then l-9872r cal. must be subtracted from the 
measured heat of reaction in order to give the difference of 
total energy. 

From what was said above, it will be seen that — AU 
represents the heat evolved in a reaction which takes place 
at coiislant volume ; and - AH represents the heat evolved 
in a reaction which takes place at constant pressure. 

Thermochemistry 

As has already been stated, chemical reactions are 
generally accompanied by some heat effect — evolution or 
absorption of heat — which, in accordance with the law of 
conservation of energy, shows that the total energy of the 
reactants is not the same as the total energy of the resultants. 
The heat effect produced in a chemical change, or the 
heat of reaction, has, for a given reaction, a constant value, 
provided the conditions under which the reaction takes 
place (pressure, temperature, physical state, crystalline form, 
etc., of the substances) remain the same ; and it is usual to 
refer the heat of reaction to 1 gram-molecule of substance. 
The heat of reaction, moreover, is generally determined under 
constant pressure. Although the view, once held, that the 
heat which is evolved when two substances react together 
is a measure of the chemical affinity can no longer be regarded 
as generally valid, the study of heats of reaction and the 
relation between chemical energy and heat energy (a branch 
of science known as thermochemistry) is one which is of much 
importance. 

The heat of reaction, as has been pointed out, depends on 

the physical state of the reacting substances, and in writing 

thermochemical equations this should be indicated. For 

the sake of simplicity, however, it is assumed, in the 

absence of special indicatioD, that th© substances are in the 

state in which they exist under normal conditions. When 

solid substances can react in different crystalline forms, 

the particular form must be indicated, c.o., Srt=rhombic 
sulphur. 
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Heat of Formation of Compounds. — One of the simplest 
cases of chemical reaction is the formation of a compound 
from its elements. Thus, when copper and rhombic sulphur 
are allowed to react copper sulphide is formed, and heat 
amounting to 11-6 kg.-cal. (11,600 g.-cal.), is evolved for 
each gram-molecule of copper sulphide formed. This is 
represented by the equation, 

Cu + Srt =CuS 11 -6 kg.-cal., 
or Cu-j-Srt=CuS; - 11-6 kg.-cal. 

The quantity of heat, 11-6 kg.-cal., is known as the heat of 
formation of copper sulphide. 

Since the heat of reaction depends on the physical condi- 
tion of tlie substances involved, it is customary to define the 
heat of formation of a compound as the heat evolved or absorbed 
at constant pressure when 1 gram -molecule of the compound is 
formed by the combination of the elements when in their normal 
state. 

When the elements can exist in different forms, amorphous 
or crystalline, the heat of formation of a compound will be 
different for the different forms. Thus, the heat of formation 
of carbon dioxide is 94*47 and 94*02 kg.-cal., according as 
the carbon is in the form of diamond or graphite. It follows, 
therefore, that the intrinsic energy of an element is different 
in its different crystalline forms, and that, when change from 
one form to another takes place, heat will be evolved or 
absorbed. This is known as the heat of transition. Thus : 

C,n. = Cd: .<dH^ = 220 cal. 

S„=Srt ; AH= -69 cal. 


The heat of formation of a compound will also necessarily 
depend on the final condition of the compound. Thus, when 
hydrogen and oxygen combine to form liquid water at just 
below 100°, the heat of reaction is 67,727 cal., but this 
includes the heat which is given out when vapour condenses 
to liquid, and which is equal to the latent heat of vaporisation. 
In the case of water vapour at 100°, this amounts to 
9670 cal. per gram-molecule, so that the heat of formation 
of w’ater vapour at 100° is 67,727 — 9670 = 58,057 cal. 
The heat of formation of liquid w'ater at 20° c. is 68,400 


calories. 

In the following table are given the values of the 
formation of a number of typical compounds : — 


heat of 
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Reaction. 

LH at 20^ c. in Kg.- 
cal. per G.^moL 

iH, + iCl» = HCl 

-22 03 


-h 5-93 

H,-l-iO,=H,0(Z) 

-68-4 

H,+SrA = lhS 

- 5-2G 

s+o,=so. 

^69-3 

C + 2Srt=CS, 

4-22*0 

Pb + Cl,*PbCl, 

-85*66 

JN, + ;0, + iH, = HN0, 

-42*4 


Always bear in mind that when AH has a negative 
value, the reaction takes place with evolution of lieat ; and 
when AH has a positive value, the reaction takes place with 
absorption of heat. 

Internal Energy of Compounds. — The thermochemical 
equation for the heat of formation of copper sulphide indicates 
that the internal energy of 1 gram-molecule of the compound 
is less than the sum of the internal energies of 1 gram-atom 
of copper and 1 gram-atom of sulphur by 11 *6 kg.-cal. The 
absolute value of the energy of the elementary atoms is, 
however, unknown, and so the absolute value of the internal 
energy of 1 gram -molecule of copper sulphide is also unknown ; 
but since the elements do not undergo change into one 
another, the absolute values of their internal energy are of 
no consequence when one is dealing with changes of energy. 
One may therefore regard the internal energy of the free 
elements under normal conditions as zero ; and consequently, 
since the internal energy of a compound differs from the 
internal energy of the elements by the amount of heat of 
formation of the compound, the internal energy of a compound 
becomes equal to the heat of formation with reversed sign. 

In the case of carbon dioxide and of copper sulphide, the 
internal energy of the compound is less than the sum of 
the internal energies of the elements ; and formation of the 
compound from the elements, therefore, takes place with 
evohawn of heat. Such a reaction is said to be an exothermic 
reaction, and the compounds are said to be exothermic 
compounds. Other compounds, however, are known which 
are formed from the elements with abswption of heat and 
such compounds are said to be endothermic compounds The 
mte^l energy of such compounds is greater than the sum of 
the mtemal energies of the elements. 
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A knowledge of the heat of formation of compounds is of 
importance because such knowledge enables one to calculate 
the heat of a reaction in which these compounds take part. 
Thus the heat of formation of MgClg and of NaCl is 153-2 
kg. -cal. and 98-4 kg. -cal. respectivel 3 ' ; and the internal 
energies of the compounds are therefore -153-2 kg. -cal. 
and - 98-4 kg. -cal. If, therefore, in the equation 

MgC4 + 2Na = Mg -i- 2NaCl 

-153-2 0 0 -(2x98-4) 

one inserts the values of the energies, the internal energy of 
an element being regarded as zero, it is seen that the internal 
energy of the system on the left (the reactants) is greater 
than the internal energy of the system on the right (the 
resultants) by 43-6 kg. -cal., and therefore the above 
reaction will take place from left to right with evolution of 
43-6 kg. -cal. of heat. Hence, one can write the thermo- 
chemical equation 

MgCla 4- 2Na=Mg -i- 2NaCl + 43-6 kg. -cal., 
or MgCl2-)-2Na=Mg-j-2NaCl ; AH = -43-6 kg. cal. 

Similarly', the heats of formation of cupric chloride and 
of ferrous chloride in dilute solution are 62-5 kg. -cal. and 99-8 
kg. -cal. respectively, and the internal energies of these com- 
pounds in solution are therefore —62-5 kg.-cal. and —99-8 
kg. -cal. respectively. From the equation 

Fe-i-CuCla, aq. =Cu -fFeClg, aq., 

0 -62-5 0 -99-8 

in which the letters aq. (short for a^ua = water) represent an 
indefinite amount of water and indicate that the salt exists 
in dilute solution, one sees that the internal energy of the 
reactants is greater than the internal energy of the resultants 
by 37-3 kg.-cal., and the thermochemical equation can there- 
fore be written, 

Fe-fCuCla, aq. =Cu -i-FeCla, aq.-i-37-3 kg.-cal. 

Further, from the following heats of formation : 
HgaCla = 63-01, KOH, aq. = 114-85, KCl, aq. = 99-88, 
Hg20=21-5, H 20 = 68-4 kg.-cal., one finds that in the ease 
of the reaction, 

HgaCL 4- 2KOH, aq. = 2KC1 4- HggO 4- H 2 O 
-63-01 -229-70 -199-76 - 2 1-5 - 68-4 


-292-71 


-289-66 
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the energy of the reactants is less than the energy of the 
resultants by 3-05 kg. -cal. The above reaction, therefore, 
is an endothermic reaction and takes place with absorption of 
heat. The value of AH found experimentally is -i- 3280 cal. 

Hess’s Law ot Constant Heat Summation. — One of the 
most important laws of thermochemistry is that discovered 
in 1840 by the Swiss scientist, Germain Henri Hess 
(1802-60), Professor of Chemistry in the University of St. 
Petersbxirg (Leningrad). This law, known as the law of 
ccmstant heat summation, states that the total heat of a reaction 
is constant no matter whether the reaction is allowed to take 
place directly or in stages ; or, in other words, the heal of 
reaction depends only on the initial and final systems. This 
law, which was established experimentally by Hess before 
the enunciation of the law of conservation of energy, can be 
deduced from the first law of thermodynamics, for the total 
energy of a system depends only on the state (pressure, 
temperature, volume) of the system at the moment. The 
heat of reaction at constant volume, therefore, which 
measures the difference of total energy, U^-Ub, must also 
depend only on the state of the systems at the moment and 
not on the process or processes by which system 6 is formed 
from system a. 

The law is illustrated by the heat of production of a 
solution of ammonium chloride from ammonia, hydrogen 
chloride, and water. The process can be carried out in two 
ways : — •_ 

Fibst Way 

NH, + Ha=NH«a+421 kg-caO. 

NH,C1 +aq. =NH«C1, »q. - 3*9 kg.-caL 

NHj + HCl + aq. SNH 4 CI, »q. •t>38*2 kg.-oa], 

Seookd Wat 

NH,+aq. = NH„ aq. •(■8*4 kg.-oal. 

HCl -f aq. = HCl, aq. 17*3 kg.-oaL 
NH„ aq.+HCl, aq. sNH^Cl, aq. +12'3 kg.-caL 

NH* + HCI+aq. — NH 4 CI, aq. -h 38’0 kg.-oal 

The total heat of a reaction which takes place in stages 

iMy be obtained, therefore, by adding together the heat 

effects with proper algebraic sign, of the different reaction 
stages. 

Since thermoohemical equations may be multiplied, 
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added, or subtracted like ordinary algebraic equations, 
Hess’s law of constant heat summation is of the greatest 
importance in thermochemistry, because it enables one to 
calculate heats of reaction in cases where direct measurement 
is impossible. Thus the heat of formation of organic com- 
pounds cannot, as a rule, be determined directly ; but from 
the lieat of combustion of a compound and of the elements 
forming it, it is possible to calculate the heat of formation 
of the compound. For example, the heat of formation of 
sucrose can be calculated from the following data : — 

( 1 ) Cj2H220ii + I 2 O 2 = I 2 CO 2 + 1 IH 2 O -I- 1349-4 kg. -cal. 

(2) C -f- O 2 =C02 + 94*4 kg. -cal. 

(3) Hg -f- = HgO + 68-4 kg.-cal. 

From these equations one can eliminate CO 2 and HgO as 
follows : — 

CiaHggOii -I- 1202 = 12002+ llHgO + 1349-4 kg. -cal. 
llHg + S^Og = 1 iHgO + 752-4 kg.-cal. 

.’. CigHggOu — 1 iHg + 6^02= I 2 CO 2 + 597-0 kg. -cal. 
and 120+ 12 O 2 =12002+1132-8 kg.-cal. 

120 + 1 iHg + 5^O2 = 0,2H22 Ou + 535-8 kg.-cal. 

That is, the heat of formation of sucrose from its elements 
is 535-8 kg.-cal. 

Similarly, one can calculate the heat of formation of 
carbon monoxide from the heats of combustion of carbon 
and of carbon monoxide. Thus, 

0 + O 2 = OO 2 + 94 -4 kg.-cal. 

00 +^ 02=002 + 67-7 kg.-cal. 

Hence, C + IO 2 - OO = 26-7 kg.-cal. 

or 0 + ^02 = 00+26-7 kg.-cal. 

From the two cases considered, it will be seen that the 
heat of formation of a compound is equal to the sum of 
the heats of formation of the products of combustion minus 
the heat of combustion of the compound. It should, however, 
be noted that the heats of formation calculated in this way 
are subject to considerable error, owing to the fact that they 
are obtained as the difference of relatively large numbers. 
Although the percentage error in the experimental values 
may be fairly small, the percentage error in their difference 
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may be large. Attention, also, should be given to the fact 
that heats of combustion are very generally determined 
in closed vessels, and therefore at constant volume. 
If it is desired to convert these AU values into AH values, 
or values under constant pressure, a correction must be 
applied. 

Since, as we shall learn later, the heat of reaction varies 
with the temperature, it is necessary, in applying Hess’s 
law, that the heats of reaction should all refer to the same 
temperature. 

Heats of Combustion of Organic Compounds. — Most 
hydrocarbons have a smaller heat of combustion than 
corresponds to the carbon and hydrogen wliich they con- 
tain, and their heat of formation is therefore positive ; 
but in a number of cases, e.g., acetylene, the heat of 
combustion of the compound is greater than the heat of 
combustion of the constituent carbon and hydrogen, and the 
heat of formation of such compounds is therefore negative 
(endothermic compounds). Although, in some cases, the 
heat of formation of hydrocarbons may be fairly large, e.g., 
heat of formation of acetylene is -54,300 cal., in most 
cases it is comparatively small, so that an approximate value 
of the heat of combustion of a hydrocarbon can be obtained 
from the heats of combustion of the constituent carbon and 
hydrogen. 

The heat of combustion of a hydrocarbon is, to a large 
extent, an additive property and, for a hydrocarbon, 
can be calculated by the additive formula ^ 


q=ax + 2by-h^-h^~h^, 

where X and 2y represent, respectively, the heats of combus- 
tion of a gram-atom of carbon and of a gram-molecule of 
hydrogen m the compound, and A,, and represent the 
heat of combustion due to each single, double, and triple 
bond respectively. From the heats of combustion of many 
hydrocarbons the following thermal constants, in kilogram- 
^loHM, have been obtained: a:=135-34: 2v = 37-69- 
*1 — 14-71; *2=13-27; Aa= 0 . Making use of these values^ 
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one calculates the heat of combustion of butene -2 
CHg . CH : CH . CH 3 , to be 

<7 = 4 X 135-34-1-4 x 37-69-2 x 14-71 - 13-27. 

= 541-36 -H 150-76 - 29-42 - 13-27. 

= 649-43 kg. -cal. 

The experimental value is 648-88 kg. -cal. 

More accurate determinations of the heat of combustion 
of the saturated hj-’drocarbons and aliphatic alcohols, whicli 
have been carried out at the Bureau of Standards of the 
United States of America,^ have shown that the increase in 
the heat of combustion at constant pressure for each addition 
of CHg to the composition is constant, and equal to 157-00 
kg. -cal. per gram-molecule, only when the number of carbon 
atoms is greater than 5. Thus the increases in the heat of 
combustion for each addition of CHg on passing from methane 
to pentane are 162-02, 157-76, 157-37, 157-33 kg. -cal. The 
variations from constancy, although not large, are significant 
since the error of determination amounted to only 150 g.-cal. 
per carbon atom. 

A similar behaviour is found in the case of saturated 
aliphatic compounds containing a normal alkyl group. 
When the alkyl group contains more than five carbon atoms, 
the heat of combustion of the compound at 26® and under a 
pressure of 1 atmosphere, increases by 157-00 kg. -cal. for 

each addition of CHg- l u * ; 

From heats of combustion one may calculate the heats ot 

formation of various linkages, C — C, C-H, etc. 

In the following table are given the heats of combustion 

of a few compounds : — 


HEATS OF COMBUSTION 





Heat of Com- 


Heat of Com- 


bustion under 

Substance. 

bustion at Constant 
Volume 

Substance. 

Constant Pressure 
{A H). 


Kg.'CaL/mole. 


Kg.-oal./mole. 

Benzene 
Naphthalene 
Methanol . 

- 783-4 

- 1232-5 

- 173-6 

Methane • 

Ethane • 
Propane . 

- 212-8 

- 372-8 

- 630-6 

- 687-9 

Ethanol 

Propanol . 
Butanol 

Benzoic acid 

- 326-7 

- 482-2 

- 038-1 

- 771-2 

Butane • 
Hexane 

Octane 

Decane » 

- 1002-4 
-1316-4 
-1630-4 

Sucrose 

-1349-4 


— 


‘ F. D. Rossini, J. Research Nat. Bur 


. Stand., 1934. 12. 736 ; 18. 21. 189. 
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The heat of combustion of a compound containing oxygen 
is less than that of the carbon and hydrogen in the compound, 
and can be calculated approximately by making use of a 
modification of what is known as Welter’s Rule. From 
the molecular formula of the compound one subtracts the 
oxygen atoms together w'ith as many carbon atoms as are 
required to form carbon dioxide. The heat of combustion 
of the compound will then be approximately equal to the 
heat of combustion of the carbon and hydrogen remaining. 
Thus, in the case of sucrose, CioH^Ou, subtracting On 
and 5*5 C from the molecule, one is left with 6-5 C and 
11 Hj. and the calculated heat of combustion is therefore 
6-6x94 0 + ll x68-4 = 611+752*4 = 1363-4 kg.-cal. The 
experimental value is 1349*4 kg.-cal. 

Determination ot the Heat of Combustion. — The heat of 
combustion is best determined by the method of Berthelot, 
which consists in burning the substance 
in a bomb (Fig. 88) in an atmosphere 
of compressed oxygen.^ 

The bomb coofiiste of & stee) vessel which can 
be tightly closed by meaoa of a Ud screwed down 
on a lead washer. The substance to be burned is 
placed in the crucible and the bomb is filled 
with oxygen through the channel and the tube $ 

R under a pressure of 20>25 atmospheres. The ^ 
bomb is placed in a polished metal calorimeter 
which contains a known weight of water. 

In order to diminish loss of beat by radiation* 
the calorimeter is placed in a large water*jackotcd 
vessel. When the temperature cooditions have 
become adjusted, the substance is ignited by means 
of a spiral of platinum or iron wire which is 
raised to incandeecenoe by the passage of an electric 
current. By means of a thermometer, graduated 
in hondreduis of a degree, the rise of temperature 
of the water in the calorimeter is determined. In 
thw way the heat of combxistion at constant 
volume is obtained. 

The beat of combustion at constant volume per 
gram-molecule of substance can be calculated by 
means of the ^nation 

^ere m is the mass of substance burned, the molecular weight of which is .V : 
ir and u- represent the weight of water and the water-oquivalent of tho .apparatus 



Fio. 88. 


determi^tions of heats of combusUon see T. W. Richards and F. 

Richards and H. S Davis. .Aid.. 

89 , 341 ; F. D. Rossini, J. litatareh Nat. Bur. Stand.. 1934, 12, 736. 
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respectively ; and (i, - ^^) is the rUo of temperature produced by the combustion. 
The water-equivalent of the apparatus can best be obtained by burning in the 
bomb a substance the hei»t of combustion of which is known. 

Heat of Solution. — When a substance is dissolved in a 
solvent, heat is in general either absorbed or evolved.* 
Generally speaking, hj-^drated salts and salts which do not 
form hydrates dissolve in water with absorption of heat or 
with a very small evolution of heat ; but the solution of 
anhydrous salts which form hydrates is frequently accom- 
panied by evolution of heat, the combination of salt with 
water being an exothermic process. Since, moreover, the 
process of dilution is generally accompanied by a heat effect, 
known as the heat of dilution, it follows that the heat of 
solution, or the amount of heat absorbed or evolved when 
1 gram-molecule of substance is dissolved, depends on the 
amount of solvent used or on the final concentration of the 
solution produced. This is clearly shown by the numbers in 
the following table : — 


Number of Gram -molecules of 
Water in which 1 Gram-molecuIc 
of CuCls, 2 H 2 O is dissolved. 

(Kg.-cal.). 

80 

+ 19-8 

101 

+ 3-1 

105 


18-0 

- 91 

19-9 

-11-7 

47-7 

-10-5 

980 

- 6-6 

198*0 

- 3-7 


As dilution increases, the heat of dilution diminishes 
rather rapidly and becomes negligible when the solution 
consists of about 200-400 gram-molecules of water to 1 
gram-molecule of solute. A solution of such dilution is 
represented by writing the symbol aq. after the formula of 
the solute. Thus the heat effect produced when potassium 
nitrate is dissolved in water so as to give a dilute solution 
(the so-called integral heat of solution) is represented by the 
equation 

KNO 3 -baq. =KN 03 , aq. - 8-5 kg. -cal. 

‘ Considerable advances bavo been made in the calculationyf beats of solution 
from a knowledge of intermolecular forces. A review of this work is given m 
Chem. Soc. Annxtal ReporU, 1039, 36, 34. 
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According to Hess’s law of thermoneutrality of salt solutions, 
no heat effect is observed when two dilute salt solutions are 
mixed, provided no precipitate is formed. This law is 
valid, however, only when ionisation is complete and when 
no change in ionisation takes place. 

Heat of Neutralisation. — ^The heat which is evolved when 
1 gram-equivalent of an acid is neutralised in aqueous solu- 
tion by 1 gram-equivalent of an alkali is called the heat 
of neutralisation. When the solutions are so dilute that 
the acid, alkali, and salt formed are completely ionised, the 
sole reaction which takes place on neutralisation is the 
combination of hydrogen ion and hydroxide ion to form 
un-ionised water and the tbermochemical equation is therefore 

H* + OH' =H20 + 13-8 kg.-cal. 

It follows, therefore, that the heat of neutralisation of all 
strong acids by strong alkalis in dilute solution should be 
practically the same, and this is borne out by the following 
values : — 


Acid. 

AlkaU. 

H^t of Neutralisation 
(Kg.-cal.). 

Ha 

NaOH 

13*68 

HNO, 

NaOH 

13*69 

Ha 

KOH 

13-93 

Ha 

LiOH 

13*70 


If. however, either the acid or the alkali is weak, or if 
both are weak and therefore only partially ionised, the heat 
of neutralisation will be different, because the heat of ionisa- 
tion of acid or alkali must then be added to the heat of 
combination of hydrogen ion and hydroxide ion. The 
numbers in the following table may be taken in illustration : 

Heat of Neutralisation 
(Kg.-cal.). 

NaOH I 13-40 

12-27 
16-40 


Since, in the case of 
neutralisation is only 12* 
a completely ionised bast 


ammonium hydroxide, the heat of 
27 kg.-cal., whereas in the case of 
i it is 13-8 kg.-cal., it follows that 
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the lieat of ionisation of ammonium hydroxide is approxi- 
mate!}' — 1*5 kg. -cal. In the case of hydrofluoric acid the 
lieat of ionisation is approximately -f2'6 kg. -cal. 

Experimental. — For the ilcterraination of the heat of solution or of 
ncutmU.sjitiun. one makes use of a polished metal vessel or of a silvered Dewar 
vacuum vessel xts catorimcier. A known weight of water is placed in the 
calorimeter^ which is then surrounded by protecting cylinders and water* 
jacketed vessel, in order to diminish loss or gain of beat by radiation. When 
the temperature has become adjusted* a known weight of salt* 6ncly powdered 
and at the same temperature as the calorimeter* b added to the water, which 
b kept well stirred. From the change of temperature produced, the heat oj 
solution por gram*molccuIe of salt can be calculated for the known concentration 
of solution. 

In determining the heat of neulraOsationt a known volume of alkali solution 
of definite concentration is placed in the calorimeter, and a known volume of 
acid solution, of the same concentration as the alkali, b contained in a separate 
vessel surrounded bv several metal cylinders to minimbe changes of temperature 
by radiation. The temperature of the acid and of the alkali must be noted. 
The acid is then adde<l rapidly to the alkali, the solution b well stirred, and the 
rise of temperature determined. One then has 

Heal evolved = (m,s, + + m4S4)(f^ - 

where Wj, tn^ are the masses of the solution, calorimeter, thermometer, 

and stirrer respectively, and Sj, Sj. ^4 their specific heats. In thb way the 
heat evolved in the neutralisation of a known amount of alkali by acid is 
obtained, and one can then calculate the heat which would be evolved in the 
ncutrulisKvtion of 1 gram-e^iuivalont of alkali. 


Heat of Reaction and Temperature. Kirchhoff’s Law. — 
The heat of reaction will, in general, vary with the tem- 
perature, and the manner of its variation can be deduced as 
follows : — 

Let the reaction be carried out at the temperature 
and let the heat effect be If, now, the reaction- 

products (resultants) are heated to the temperature Tg’ 
amount of heat will be taken up by the molar system equal to 
Czi^z-Ti), where is the mean molar heat capacity of 
the resultants, in the temperature range As a 

second exiieriment, the reactants are heated from to i,. 
During this process heat is taken up by the system equal to 
CJTo~Ti), where is the mean molar heat capajjity 
of tlie reactants. The reaction is then allowed to take place 
at the temperature with a heat change of AH 2 . inen, 
by tlie First Law of Thermodynamics, 

- Ti) = AHi + C^iT^ - 


AH^ - AHy 

^ 2-^1 



or 
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where iTCj and Z’Cg are the sura of the molar heats of the 
reactants and of the resultants respectively. 

For small changes of temperature, one can write 

This relationship, which was first deduced in 1858 by 
Gustav Robert Kirclihoff (1824-87), Professor of Physics in 
the University of Heidelberg, is sometimes known as 
Kirchhoff’s Law. 

It follows from the above expression that if the molar 
heats Cl and Og are the same, as is approximately the case 
with solid substances, the heat of reaction will not vary 
with the temperature. 

Id general, the specific (and ofiolar) beat Taries with the temperature, but 
when the temperature raogo is email, the specific heat may be taken as constant. 
CoDsequently, one may calculate tbe heat of formation of water vapour at, 
say, 413^ s. as follows 

At 373^ K., the heat of formation is given by the equation 

+ 58,057 cal A ff = - 58,057 cal. 

The molar heats of hydr^en, oxygen, and water vapour are 6*818, 0*060, and 
9*000 cal. respectively. 'Therefore, 

O,-C,s:9.000 -(6-818 + 3*480) =9*000 ^10*298= -1*298 cal., 
and ^4ir - f *298 x 40 = - 51 -92 cal. 

Hence, -68,057 -51*92= -58,109 cal. 

One mav also employ Kirchbo9*6 law in order to calculate, for example, the 
vaimtion of the heat of fusion of ice with the temperature. The specific heat 
of ice at 0® (Cj) is 0-50, and the specific heat of water (cj) U 1*00. Since the 

heat of fusion is negative, we have - =c,-Ci=0*5. That is, the heat 

absorbed in fusion Increases by 0-6 cal. per gram for a rise of 1® o. This ie 
borne out by experiment, which shows that the heat of fusion of ice per gram 
at -6*6® is -76*0 cal, and at 0® -79*5 cal. That is. 



CHAPTER XII 


HOMOGENEOUS EQUILIBRIA 

There are, as is well known, many reactions which take 
place completely, or practically completely, in one direction 
and which are irreversible. Thus, when one mixes solutions 
containing equimolecular amounts of barium chloride and 
sodium sulphate, reaction takes place, and practically the 
whole of the barium is removed from the solution in the 
form of the very sparingly soluble barium sulphate. There 
are also many reactions which do not take place completely 
in one direction as represented by the usual chemical equation, 
but which cease before all the reacting substances have been 
used up. Thus, to employ the classical reaction as an 
illustration, if equimolecular amounts of ethyl alcohol and 
acetic acid are mixed together at the ordinary temperature 
ethyl acetate and water are formed, as represented by the 
equation 

CH3.COOH 4 CgHs.OH =CH3.C00.C2H5 + HaO. 

In this case the reaction does not take place completely 
as represented by the equation, i.e., the acid and alcohol do 
not entirely disappear, but only two-thirds of them. One- 
third of the alcohol and of the acid remains unchanged, no 
matter how long they are left in contact. This is due to the 
fact that water acts on ethyl acetate, converting it back 
again into ethyl alcohol and acetic acid. In other words, 
the reaction tends to be reversed. In the case under coii* 
sideration, therefore, two opposed reactions are tekmg 
place, and there is produced, in consequence, a condition ot 
equilibrium between the acid and alcohol on the one side 
and the ethyl acetate and water on the other. This reaction 
is therefore spoken of as a bdUinced or reversible react^ ; 
and in order to represent this, the usual sign of equality is 

272 
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replaced by two arrows, so that the interaction between 
acetic acid and ethyl alcohol should be written 

CH3.COOH + CaHj.OH^CHaCOOAHs + HgO. 

Law of Mass Action. — ^The condition of equilibrium, at a 
given temperature, in the case of a balanced or reversible 
reaction can be obtained by applying the law of mass action, 
which was first most clearly enunciated in 1867 by the two 
Norwegian scientists, Cato Maximilian Guldberg (1836-1902), 
Professor of Mathematics in the University of Christiania 
(Oslo), and his brother-in-law, Peter Waage (1833-1900), 
Professor of Ciiemistry in the same University. This law 
states that the velocity of a reaction at constant temperature 
is propoitional to the product of the concentrations of the 
reacting substances, the concentrations being expressed in 
gram-molecules per litre. Since Guldberg and Waage 
applied the term “ active mass ” to what is now' called 
concentration,' the law enunciated by them received the 
name of the law of mass action. It w'ould now more properly 
be called the law of concentration action. 

On applying the law of mass action to determine the 
condition of equilibrium in the case of a reversible reaction 
taking place in a homogeneous system at constant tem- 
perature, and represented by the general equation 

A -t- B5=^C -H D , 

one finds that the velocity with which A and B react is pro- 
portional to their concentrations, or Vi=k^ . [A] x[B], where 
fej is a velocity coefficient and the square brackets indicate 
molecular concentrations. Similarly, the velocity with 
which the reverse reaction takes place is given by the 
expression [C] x [D]. The state of equilibrium which 

is established is not a static equilibrium but a dynamic 
equilibrium, at which the velocity of the direct and of the 
reverse reactions is the same. At equilibrium, therefore, 
t7i=V2, and therefore in the case under consideration, 
Aji . [A] X [B]=A ;2 . [C] x [D], from which it follows that 

[C]x[D] A:, 

[A] X [B] *2 

This equation, then, gives the condition for equilibrium at 
constant temperature, K being known as the equilibrium 

* W© sbaU leam presently (p. 286) tliat a different meaning must be given 
(o the term ** Mtiye 
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c<ynstant. Expressing this in words one can say : At equi- 
librium the product of the concentratUms of the substanc^ on 
the right-hand side of the equation (the resultants), divided by 
the product of concentrations of the substances on the left-hand 
side of the equation (the reactants), is constant at a given 
temperature. 

The expression may be generalised. For any reversible 
reaction represented by the general equation 

m^Ai + 4- TTigAg^si TiiBj + + ngBa, 

here m-^, m^, rn^ and tij, and n^ are the number of mole- 
cules of the reacting substances, the condition for equilibrium 
is given by the expression 

[Bi]"- X [B,^ X [Ba]"^ 

[ AJ"*« X [A^]"^ X [Ag]-"* ’ 

where, as before, square brackets are used to denote molecular 
concentrations . 

Although the equilibrium constant has been represented 
here as a ratio of velocity coefficients, it is important to bear 
in mind that it can also be calculated from the change of 
free energy involved in the reactions. Conversely, from 
determinations of the value of the equilibrium constant of 
a reaction, the free energy of the reaction can be calculated. 
These relations will be discussed more fully in Chap. XIII. 

Decomposition of Hydrogen Iodide. — The simplest cases 
of homogeneous equilibria are those which occut in gaseous 
systems. Thus, when hydrogen and iodine vapour are 
heated together, reaction takes place with formation of 
hydrogen iodide ; and similarly, when hydrogen iodide is 
heated at the same temperature, partial decomposition into 
hydrogen and iodine takes place, and ultimately the com- 
position of the mixture will be the same as in the former 
case. This reversible reaction is represented by the equation 

2HI^H2-Kl2, 

and therefore the condition of equilibrium at a given 
temperature is given by the expression 

[^2] X [Ig] „ 

[HI ]2 

That the same state of equilibrium is attained whether 
one starts with hydrogen iodide or with a mixture of hydrogen 
and iodine was confirmed by experiment. 
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If a gram-molecules of hydrogen and b gram-molecules of 
iodine are heated together untU equiUbrium is attained, the 
amount of hydrogen and of iodine respectively at equilibnuni 
will be (a~x) and {b-x) gram-molecules, and the amount of 
hydrogen iodide will be 2x grain-molecules. If the volume 
of the mixture is v litres, then the concentration of hydrogen 

1) “ oc 

will be the concentration of iodine , and the 

V ^ 

2x 

concentration of hydrogen iodide — ^ At equilibrium, 


therefore, 




[H2]x[Ig] _ U 

[Hip 


a-x b ~x 

X 


V 




{a-x){b - a:) 
4x^ 


This equation was confirmed experimentally by Max 
Bodenstein, as is shown by the numbers in the following 
table.* Here, concentrations are expressed in millilitres 
reduced to N.T.P., these numbers being proportional to the 
number of gram-molecules of the gases. 


DECOMPOSITION OF HYDROGEN IODIDE AT 444-5». 

A. =00198. 


InitUl CoDCQoftatioD. 

[Id 

Final CoocentratiOQ at Equilibrium. 


Ir 

[HJ ■ 

H,. 

I.- 

HI 
, (2ar). 

HI (Calculated) 
(2*). 

8-10 


0-363 

6-27 

0-13 


6-04 

7-94 

6 30 

0-608 1 

3-18 

0-64 

9-62 

9-49 

8-07 

9-27 

M49 

1-40 

2-00 

13-34 

13-47 

812 

14-44 

1-780 

0-72 

7-03 

14-82 

14-93 

8-02 

27-63 

3-433 

0-32 

19-83 

15-40 

16-54 

7-89 


4-196 

0-33 

25-64 

16-12 

15-40 


The numbers in the last column are calculated by means 

of the equation ^ =0-0198, the initial concentration 

of hydrogen being, in all cases, put equal to unity. The 
concentration of iodine then becomes equal to r, and at 
equiUbrium the amounts of hydrogen and of iodine wUl be 

* Z. phytilcdU Chettu, 1897, 82, 1. 
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(l-x) and (r-x) respectively. On solving the above 
equation for x one obtains the expression ^ 


2x = 


r+l-v^r2+l-r(2- 16K^) 


1 ~4K 


From the equation = it foUows that the 

higher the initial concentration of hydrogen, the lower will 
be the concentration of iodine at equilibrium ; or, the larger 
the excess of one reactant, the greater will be the extent to 
which the other reactant is used up. This is clear from the 
numbers in the table. 

Since the presence of excess of hydrogen or of iodine 
increases the equilibrium concentration of hydrogen iodide, 
decomposition of the iodide on heating will be diminished 
by the presence of excess of hydrogen or of iodine vapour. 

In deducing the expression for the equilibrium constant 

l^e = ^ , it is found that the volume v of the system 

cancels out. The equilibrium, therefore, is independent of 
the volume, and is consequently also independent of the 
pressure. 

The following values of the degree of dissociation of 
hydrogen iodide under different pressures are in harmony 
with this conclusion : — 


Total pressure (Atm.) 
Dissociation of HI 


0-6 

0-2019 


1-0 

0-2143 


1-5 

0-2225 


2-0 

0-2306 


The small variations which are found are attributed to 
adsorption of hydrogen iodide on the walls of the reaction 
bulb. 

From the preceding discussion and from the form of the 
equilibrium equation, it will be clear that a reversible reaction 
may be made to take place in one direction or the other by 
altering the concentrations of the substances involved. 
Increase of the concentration of the substances on the left 
side of the equation will cause the reaction to take place 
from left to right ; and increase of the concentration of 
the substances on the right side of the equation will cause 
the reaction to take place from right to left. 

* The general solution of the equation Kt = (a — x){b — *)/4x* is 
o a + 6 -- -v/a**f6* — 16^e). 
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The following simple experiment ‘ makes this very clear. When veiy dilute 
Rolutions of ferric chloride and ammonium thiocyanate are mixed, the reaction, 
FeCl + 3 NH 4 CNS^Fe{CNS )3 + 3NH4Cl» takes place, and a reddish colour is 
oroduced otAng to the presence of ferric thiocyanate. If to a portion of this 
mixed solution one adds a small quantity of solid ammonium thiocyanate, the 
red colour deepens owing to the formation of a larger amount of ferric thio- 
cyanate. On the other hand, if ammonium chloride is added to a second portion 
of the mixed solution the red colour disappears (or is weakened), the reaction 
now taking place from right to left with conversion of ferric thiocyanate into 
ferric chloride. 

Influence o£ Pressure and Temperature on Equilibria. — 
The effect of pressure and of temperature on the condition of 
equilibrium can be predicted qualitatively by means of the 
theorem enunciated in 1884 by Henri Louis Le CbateHer 
(1850-1936), Professor of Chemistry in the University of Paris. 
This theorem may be stated in the form ; Whenever changes 
in the external conditions of a system in equilibrium are pro- 
duced, changes occur (if possible) within the system which tend 
to counteract the effect of the external changes. Thus, if the 
external pressure is increased, reactions will be favoured 
which are accompanied by a diminution of volume ; and if 
the pressure is reduced, or the volume increased, reactions 
will be favoured which are accompanied by increase of 
volume. The condition of equilibrium, therefore, will be 
altered by increase of pressure, according as the direct or 
reverse reaction takes place with diminution of volume. 
When no change of volume, or change in the number of 
molecules, accompanies either the direct or the reverse 
reaction, as in the case of the decomposition of hydrogen 
iodide or the combination of hydrogen and iodine, the equili- 
brium is unaltered by change of pressure. With regard to 
the influence of temperature, one may say that when heat is 
added to a system in equilibrium, a reaction will be favoured 
which is accompanied by absorption of heat ; and when 
h^t is withdrawn from a system in equilibrium, a reaction 
will be favoured which is accompanied by evolution of heat. 
High temperatures, therefore, favour endothermic reactions ; 
low temperatures favour exothermic reactions. This general 
statement of the effect of temperature on equilibrium is 
also known as van’t Hoff’s law of mobile equilibrium (see 
Chap. Xm.). ' 

The effect of pressure and temperature can be studied in 
the case of the equilibrium 

N2 + 3H2^2NH3. 

» lAah Miller &&d Kenriok, J. Amer. Chtm, Soc., 1900, 2S. 202. 
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The production of ammonia from hydrogen and nitrogen 
is accompanied by diminution of volume, and, therefore, if 
the pressure is increased there will be an increase in the 
proportion of ammonia — that is to say, the formation of 
ammonia is favoured by increase of pressure. The forma- 
tion of ammonia, further, is an exothermic reaction, the 
heat of formation being 10,950 cal., and will therefore 
be favoured by a lowering of the temperature. These 
predictions from the theorem of Le Chatelier are fully 
borne out by experiment, as the numbers in the table below 

show.i In tliis table, Kj, — ^ the partial pressures 

pL ^pI 

p, being taken as proportional to the concentrations of the 
gases.® 

It is seen that as the pressure is increased at each 
temperature, the percentage of ammonia increases. The 
“ constant ” does not vary much at the lower pressures, 
but varies considerably when the pressure is above 50 
atmospheres, because the ideal gas laws do not hold at the 
higher pressures, especially in the case of ammonia, and 
the partial pressures can no longer be used to represent the 
concentrations of the gases. 


EQUILIBRIUM BETWEEN NITROGEN, HYDROGEN, AND 

AMMONIA 


r o. 


Pressure in Atmospheres. 

10. 

30. 

60. 

100. 

300. 

600. 

350^ 

%NH, 

7-35 

17*80 

25*11 

• % % 




Kp 

0*0266 

0*0273 

0*0278 


♦ ♦ « 

. . . 

400^ 

%NHa 

3*85 

10*09 

15*11 

24-91 




Kp 

00129 

0*0129 

0*0130 

0-0137 

» • • 


450"^ 

%NHa 

2 04 

5*80 

917 

16-35 

35-6 

53*6 


K, 

0*00650 

0*00676 

0*00690 

0 00725 

0-00884 

0*01294 

600^^ 

%I^H3 

1-20 1 

3*48 

5*58 

10-40 

26-2 

42*1 



0*00381 1 

0*00386 

0*00388 

0-00402 

1 

0-00498 

0*00651 


From the table above, also, it is seen that as the tempera- 
ture is raised the percentage of ammonia in the equilibrium 

‘A. T. Larson and R. L. Dodge, J. Amer. Chem. Soc., 1923, 45, 2918; 

Larson, ibid.f 1924, 46, 367. • ♦ ui aKatta refer 

* It must be noted that the values oi given 
to the ammonia equilibrium when written + 

values are therefore equal to the square root of the values when referred to 

the equilibrium written as Nj + 3Hj^2NHj. 
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mixture diminishes, as predicted from the theorem of Le 

^^^In*the case of the production of nitric oxide by the direct 
combination of nitrogen and oxygei^ one is dealing_ with an 
endothermic reaction ; ^N 2 +^O 2 =N 0 ; + 21-o kg.-cal. 

The production of nitric oxide, therefore, wm be favoured 
by elevation of the temperature, but will be independent of 

the pressure. ^ ^ -vttt \ 

As will be discussed more fully later (Chap. Alii.)* 

the effect of temperature on equilibrium can be 

calculated quantitatively from the heat of reaction by 

means of the expression known as the van’t Hoff isochore, 

d loge Ke _ AU where is the heat evolved at 

dT RT^ , , r 

constant volume when the reaction goes completely from 
left to right. If it is assumed that q, does not vary over the 
temperature interval the van’t Hoff equation 

yields, on integration, logi^ ;^=2.303 x 1*9^ ' (tj x T^/ 

If, therefore, the heat of reaction is known, one can calculate 
the value of when is known ; and, conversely, if the 
values of and are known, the heat of reaction can 
be calculated. and are the values of the equilibrium 
constant at the absolute temperatures and T^. 

When the equiUbrium is expressed in terms of pressure, 
the variation of equilibrium with temperature is given by 


d log. K AH 
dT RT^' 


and 


log 


- AH 


>10 


2-303 X 1-987 


Pi 


\T^ X Tj • 


Prom the values of K^, at 450° and at 500° c. under a 
pressure of 10 atmospheres, the heat of formation of ammonia 
is calculated to be 

- JH = 12,170 cal. 

The heat of formation can also be obtained by a graphic 
method. From the expression, dlo^^Kj, f dT — AH j RT^, 

one obtains, on integration, Iog..Kp= ~ 

G is the integration constant. On plotting the values of 
logio therefore, against IfT, a straight line will be 
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obtained, the slope of which will be equal to - 
or - zlH=slopex2-303R. ‘ ' 

The variation of equilibrium with pressure, also, can be 
taken account of quantitatively by expressing the con- 
centrations of the constituent gases in terms of their partial 
pressures. Thus, in the case of the equilibrium, 

N2 + 3H2^2NH3, 


if the initial amounts of nitrogen and hydrogen are 1 gram- 
molecule and 3 gram-molecules respectively, then at equi- 
librium there will be (1 -x), 3(1 -x), and 2x gram-molecules 
of nitrogen, hydrogen, and ammonia respectively. Since 
the partial pressure of each molecular species will be 
proportional to the ratio of the number of molecules 
of the particular substance to the total number of 
molecules, and since the total number of molecules is 
(1 - x) -h 3(1 — x) -H 2x = 4 — 2x, the partial pressures of the 
different gases at equilibrium will be 



1 -X 
4-2x ’ 



3(1 -a:) 

4 - 2x 


and PtiB, = P . 


2x 

4-2x 


where P is the total pressure. Since, further, the partial 
pressures are taken to be proportional to the concentrations, 
one can write 


K^ = 


_ [NHa]^ _ 




[N3]x[H3]3 p 1-x r 3(1 -xn 

^ • 4-2x L ■ 4-2x_ 


. 


4x® 


(4— 2x)2 


or 


■p 27(1 -x)3’ 

• 4-2x ■ (4-2x)s 

4x2(4 -2x)2 


When the concentration of ammonia is small, that is, 
when X is small compared with unity, the preceding expression 

can be simplified to K^.P^ = ^^-. That is, x is proportional 

to the pressure. It will be seen from the table that at the 
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higher temperatures, at which the percentage of ammonia is 
small, this percentage is approximately proportional to the 
pressure. 

Relation between Kp and K^. — ^The equilibrium constant 
may be expressed not only in terms of pressure but also 
in terms of concentration or moles per litre. Since 
c = lfv=pjRT, one has, for the ammonia equilibrium, 

^ _ (p/KDL. 1 pL, 

{plRT)^,x(plRT)l \rt) 

= iRT)^.K,. 

Generalising, one maj' say ; If An represents the change in the 
number of molecules when a reaction takes place, one has 
the relation Ke = {RT)~^’'Kp, or K,, — K ^ . (RT)^”. In the 
case of gas reactions, therefore, which take place without 
change of volume (or without change in the number of 
molecules), Kj, = Kt. 


From the table on page 278 it is seen that at 673*’ k., /pi xpi = 

0- 0129. For the ratio “fI,* have the value (0-0129)* = 

1- 664 X 10-*. The value of K^, t^enfon, will be 


=(0-0821 X 673)* x 1-664 x 10-* =0-607. 

(Since the pressures are measured in atmospheres and the volumes in litres, 
R must be expressed in iitre-atmospberes.) 

Dissociation Equilibria. — The law of mass action has been 
applied to the dissociation of a gaseous compound, e.g., 
dissociation of nitrogen tetroxide, as show'n by the equation 


N204^2N02. 

In this case the equilibrium condition or degree of dissociation 
of the N2O4 molecules can be calculated from the density of 
the gas mixture.^ 

If the initial amount of N2O4 is 1 gram-molecule, and 
rf, at^ the given temperature, the fraction x undergoes 
dissociation, the total number of molecules at equilibrium 
will be 1— « + 2a;=:l+x, because each N2O4 molecule gives 
^e to two NO2 molecules. There is therefore an increase in 
the number of molecules from 1 to 1 + x. When dissociation 
takes place, the volume increases in proportion to the increase 

W- dioaoeiation of nitrogen tetroxide was carried out 

Chem.Soc.. 1931, 63, 1260. Refer- 
ence# to earlier determioation# are given here. 
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in the number of molecules, and therefore, since the mass 
remains constant, the density will decrease in the same 
proportion. The observed density, d„, will therefore be less 
than the theoretical density (density if no dissociation 
occurred) in the ratio dojdt = l}l -^-x. From this it follows 
that 



At 100*1^ the density of nitrogen tetroxide, referred to that of hydrogen as 
unity, wae found to be 25*7. Hence x =46 -25*7/25*7 =0*79. 


The degree of dissociation, x, is also given by the ratio 
^ ~ where P is the total pressure and is 

the pressure which would be exerted if the nitrogen tetroxide 

were undissociated. Hence, I’h.o. where w is the 

weight in grams, M is the molecular weight (92*02) and V 
is the volume in litres. (R =0*0821.) 

Alternatively, one may calculate the value of x as follows : 
If there are to grams of nitrogen tetroxide in V litres under 
the pressure P and at temperature T, then the total number 
of gram-molecules (N204-1-N02) at equilibrium will be 

— (1 +x), where is the molecular weight of the un- 

dissociated oxide (92*02). Therefore, one can write : 
m; .. , PVM 


PV=^il +x) . RT, and « = 
M w 


RT 


- 1 . 


From the values of x, so found, the equilibrium constant 
can be calculated. Thus, if Ps.o, is partial pres^re of 
N2O4 molecules and Pko, f'i'® partial pressure of NO, 
molecules, one has 

2x 


PStOt — 


1 —X 


.P, 


where P is the total pressure. Hence, applying the law of 
mass action, 

^ \ 1+x } ' 1 +x 

For example : At 26" and under a preasuro of 1 atmosphere, x was found 
equal to 0-1S5. One calculates, therefore, 

=4 X (0*185)* X 1/1 -(0*185)* ^0142a 
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Moreorer, from the expr^ion, -a=*. the 

preesuree. P, can be calculated. Thus, if P ifl reduced 
becomea 0*257. 


value of X at other 
to 0*5 atmospborea, x 


In the following table are given some of the values of 
obtained by Verhoek and Daniels. In this table is 

the concentration of N 2 O 4 assuming no dissociation, and is 
equal to wjMV. Hence, ?>;.o.=^w.o. From this and 

the total pressure P, the degree of dissociation x, and 
the equilibrium constant Kj,^ can be calculated. 


DISSOCIATION OF NITROGEN TETROXIDE 


(Mols 

NtOf per 
Litre) x 10*. 

25®. 

35®. 

1 

45®. 

1 

1 

1 

F(Atme). 

K,. 

P (Atm.). 

1 

P (Atm.). 

A'r- 

6*28 1 

0-2116 

0-1419 

0*2382 

0-3174 

0-2662 

0-6771 

10*15 

0-3271 

0-1470 

0*3649 

0-3163 

0-4064 

0-6491 

19*84 

0-5906 

0-1412 

0*6623 

0-3032 

0-7349 

0-6280 

29*68 

0-8623 

0-1261 

1 

0*9470 

0-2792 

1 0474 

0-6934 


Since the dissociation of N 2 O 4 molecules is accompanied 
by an increase of volume (increase in the number of mole- 
cules), the degree of dissociation will be increased by decrease 
of pressure, as was shown above. Moreover, since dissociation 
is accompanied by absorption of heat, the degree of 
dissociation will increase with rise of temperature. Thus, 
from determinations of the density imder atmospheric 
pressure by Deville and Troost, it is found that while the 
degree of dissociation at 26-7® is 0*201, at 60*2® it is 0*501, 
and at 100*1®, 0*790. 

Prom the values of the equilibrium constants, A'j,, = 1*349 
at 328® K. and = 2*607 at 338° k., one calculates, 
dH = 14,500 cal. 

Other dissociation equilibria, e.^., PCl 5 ^PCl 3 + Cl 2 ; 
Ni(CO)4^Ni-h4CO, can be treated in a manner similar to 
that shown for nitrogen tetroxide. In general, in the case 
of the dissociation of gases, if one dissociating molecule can 
give nse to n molecules, the degree of dissociation x can be 

calculated from the expression x= ^ 

(n - l)d* 

PjM*pboniB penUohloride (if = 208 - 28 ), the values of the density at 
oiseient temperatoies are shown in tiie table on page 284. 
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K. 

Density 

(0*«16). 

X. 

473° 

70-2 

0-483 


62-2 


523° 1 

67-9 


547° 

55-6 


573° 1 

62-9 

0-968 


From these values of density the degree of disaociation is given by the 
expression: x = df—djd^^ where d/sl04*l. The values so calculated are 
shown in column 3 of the above table. From these values of x the equilibrium 
constants, under pressure, P, can be calculated from the equation : 

= P/(l -7^). 

At a temperature of 503"^ E., therefore, under atmospheric pressure (P^l) 

^,b 0.674> X 1/1 -0-674<»0-833 (atmospheres), 
and ^e = ^s>/i<7»0-833/0*0821 x 603 =0-0202 (moles per Utre). 


It will be evident from the application of the law of 
mass action that addition of one of the products of dissociation 
will diminish the dissociation. 

Homogeneous Equilibria in Solution. — The law of mass 
action can be applied not only to reactions which take place 
in the gaseous state, but also to reactions occurring in liquid 
solution. On appl 3 dng the law, therefore, to the equilibrium 


CzHg.OH+CHa.COOH^F^CHa.COO.CzHj + HjO, 

wliich was investigated as long ago as 1862 by Berthelot 
and L. Pean de St. Gilles, one obtains, as the expression for 
the condition of equilibrium, 

[ester] x [water] 

[alcohol] X [acid] * 

As the result of experiment it was found that when 1 
gram-molecule of alcohol is allowed to react at the ordinary 
temperature with 1 gram-molecule of acetic acid untu 
equilibrium is established, 0-667 gram-molecule of ester and 
of water is formed. If, therefore, v is the volume of the 

solution, one has 

0-667 0-667 



V 


V 


0-6672 


0-333 0*333 0-3332 


= 4. 


X 


V V 


It will be observed that in this equation v cancels out, 
and, consequently, diluHon with an indifferent solvent has 
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influetice on the condition of equilibrium. This will obviously 
always be the case when the number of molecules on either 
side of the chemical equation is the same.' When the 
number of molecules on the tw’o sides of the reaction equation 
IS not the same, the equilibrium w'ill be altered by dilution. 

The above equation holds, of course, no matter w'hat may 
be the proportions in which the four substances concerned 
are mixed, provided time is given for the equilibrium to be 
attained. If, when equilibrium is reached, a further quantity 
of acetic acid is added the product of concentrations in the 
denominator of the equilibrium equation is increased. In 
order, therefore, that the above equation shall be satisfied, 
the product of concentrations in the numerator must also 
increase ; that is, more ester and water must be formed by 
the combination of acid and alcohol. By increasing the 
proportion of acid sufficiently, practically all the alcohol 
can be converted into ester. 

By means of the above equilibrium equation it is easy to 
calculate the extent to which acid or alcohol is transformed 
to ester and water when the reactants are mixed together in 
any given proportion. Thus, if I gram-molecule of acid is 
mixed with a gram -molecules of alcohol, the amount of acid, 
X, transformed at equilibrium is given by the expression 


H-x){a-x) 

Id the following table are nven the values of x, in gram-molecules, for 
difiereat proportioos of acid and alcohol. The initial quantity of acid was in 
all cases 1 gram-molecule.* 


Initial Quantity of 



Alcohol (a) 

<in Gram^moleculea). 

X 

Calculated. 

X 

Found. 

0-05 

0 049 

0-05 

018 

0171 

0-171 

0-33 

0-311 

0-293 

050 

0-423 

0414 

10 

0 067 

0-667 

20 

0*846 

0-858 

8 0 

0-0G7 

0-966 


indifferent solvent corresponds to an increase of volume 
or m^utxon of prwure in the case of a gaseous equilibrium, 
ine value of a; is calculated by means of the expression 

+ a - Vi^a-j-a*). 
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From the above numbers it is seen that when the acid and alcohol are taken 
in equimolecular amounts, 60*7 per cent, of the acid is converted into ester ; 
whereas if 8 molecular proportions of alcohol are taken to I molecular pro- 
portion of acid, 06*7 per cent, of the acid will be transformed. 

From the above discussion it will be clear that if one varies 
the concentrations of the reactants or of the resultants (the 
substances appearing on the right-hand side of the chemical 
equation), one can cause one or other of the opposing reactions 
to take place to a greater extent. By increasing the con- 
centration of one of the reactants (acid or alcohol), one will 
promote the transformation 

C 2 H 5 OH + CH 3 .COOH > CHa-COOCaHj -h HoO, 

whereas if the concentration of one of the resultants (e.g., 
water) is increased, the opposing reaction, 

CH3.COOC2H5 + HgO ^CHa.COOH + CaHgOH, 

will be favoured. 

Activity. — In the application of the law of mass action to 
homogeneous equilibria the concentration in gram-molecules 
per litre has been used as a measure of what Guldberg and 
Waage called the “ active mass.” In gaseous reactions the 
partial pressure of the gas is taken as a measure of its con- 
centration, but this can be justified only for a perfect gas 
which obeys the law pv = RT; and in any actual case the 
equation of state will not be as simple as this, although in 
dilute gases it can be taken as a close approximation. Simi- 
larly, in the case of solutions the active masses will be 
proportional to the concentrations only when the solutions 
are ideal ; and, except in the case of such solutions, the 
condition of equilibrium in solution will not be correctly 
given by the law of mass action in which the concentration 
of the reactants is used as a measure of their “ active mass.” 
Instead, however, of altering the law of mass action it is 
better to replace concentrations by what G. N. Lewis, of the 
University of California, has called activities, or quantities 
which are proportional to the true active mass of the reacting 
substances, and by the use of which concordance with the 
law of mass action is obtained.* The activity will be given 
by the expression a=f . c, where a is the activity, c is the 
concentration, and / is the activity coefficient, the value 
of which varies with the concentration ; and it is this 
quantity a which must be used in the mass law equation. 

‘ Proc. Amer. Acad., 1901, 37, 46 ; 1907, 43, 269. 
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By the use of activities instead of molar concentrations the 
law of mass action will yield a constant value for the 
equilibrium constant of a reaction ; and the thermodynamic 
formul® may then be applied with accuracy. 

The activity of a substance in solution may be determined 
in various ways. (1) One may, for example, obtain the 
value of the activity from determinations of the lowering 
of the freezing-point. Thus, for solutions of concentration 
lower than about 3-moIal (t.e., 3 gram-molecules per 1000 
grams of solvent), the activity of the solute can be calculated 

by means of the expression 2-303 ^ 1 - 

where a is the activity of the solute, m is the concentration 
expressed in gram -molecules per 1000 g. of solvent, 8 is the 
depression of the freezing-point, and A is the molecular 
lowering of the freezing-point (per 1000 g. of solvent). 
A for water is 1-858*. 

(2) In the case of a volatile substance one may take the 
vapour pressure or partial vapour pressure as a measure of 
its effective concentration or activity, and the law of 
mass action will then give a true expression of the con- 
dition of equilibrium if the partial pressures of the 
reactants and resultants are used instead of the molar 
concentrations . 

(3) The departure of solutions from the ideal condition 
may be regarded as due to attraction between solvent and 
solute ; and when the solute is very soluble this attraction is 
more pronounced and the active mass of the solute is pro- 
portionally less. Since the active mass of a solid is constant, 
and since, as van’t Hoff assumed, the active mass of a solid 
must be the same as the active mass of the substance in a 
saturated solution, independently of the nature of the solvent, 
van’t Hoff suggested that the concentration of the solute in 
a saturated solution should be taken as standard. That is, 
if the concentration of a given constituent is measured, not 
in ^am-molecules per Utre but as a fraction of its concen- 
fration in a saturated solution in the given solvent, this 
action may be taken as a measure of its activity, for 
it must be a definite fraction of the constant activity 
o the solid. The activity of the solute, therefore, is 

represented by the expression a = ~, where S is the 

s 
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solubility, or the concentration in the saturated solution. 
Thus, as van’t Hoff pointed out, if two isomeric 
forms of a substance, e.j., formyl phenyl acetic ester, 
CeHg.C : (CHOH).COOC2H5 and CeH6.CH.(CHO).COOC2H6, 
are in equilibrium in two solvents, a and 6, the conditions of 

c 

equilibrium are given by the expressions -K’<, = log — - and 


A'|>=log where C and c represent the concentration of the 

two isomers respectively. The two equilibria can be related 
by means of the partition law (Chap. XVI.), according to 
wliich, for slightly soluble substances, the partition of a 
substance between two solvents is in the ratio of the solu- 
bilities. If, then, the two solutions are shaken together, 
C S 

one has ^ ~ , where and Sf, are the solubilities of the 

Cf, 

substance in the solvents a and 6. Therefore, 

K^-Ki,=\og - -log ^ = log S^-log ^ = log ^-log ^ 




S, 




and consequently, 


Ka - log ^ - log ^ =^, 

Sa ^6 

K being a new constant which is independent of the solvent. 
This new constant can be expressed as 

K = los^=loM 
cjs^ 

so that the influence of the solvent disappears if saturation is 
taken as the unit of concentration. In order to test this law, 
Otto Dimroth ^ investigated the equilibrium 

CeH, H 


N 

HaN-C N 


N 

CeHBNH.C N 


CH3.OOC.C — N 

1 .pbeoyl^S-aminotriazol 
methyl- carboaic ester (neutral) 


CH3.OOC.C — N 

6 •amino triazol 
carbonic ester (acid) 


^ Annalen, 1910. 377» 127 
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in several solvents. The attainment of equilibrium from 
either side was slow, even in the boiling solvents, and so the 
solubilities could be determined. In the following table are 

given the values of the equilibrium constant K= — , 
and the ratio of the solubilities, , at 60°. In the 

^neutml 

last column are given the value of G, the ratio of the activities 
of the two isomers, or the ratio It will 

be observed that whereas K is very variable, O is 
approximately constant. 


Solvent. 

Dielectric 

Constant. 

II 

s. 

Sn 

! 

Ether . 


4-6 

21-7 

530 

0-4 

Methyl alcohol . 


35-4 

2-3 

7-0 

0-33 

Toluene 


2-37 

1-8 

4-3 

0-33 

Benzene 


2-25 

102 

3-2 

0-32 

Nitrobenzene 


34 

0-8 

2-2 (47“) 

0-36 

Chloroform . 


6 

0-32 

1 

l l (35“) 

0-32 


It is clear, from the above experimental results, that the 
van’t Hoff method of deducing the activity of a substance in 
solution is, in the cases under discussion, fairly satisfactory. 
In all cases of equilibrium, however, the best method of 
deducing the activity of the substances concerned must be 
determined experimentally, the object being to obtain such 
functions of the concentrations that when these are inserted 
in the usual expression of the law of mass action this law 
is found in agreement with the results of experiment. 

(4) Measurements of electromotive force (Chap. XV.). 


xo 












CHAPTER XIII 


THE SECOND LAW OF THERMODYNAMICS 

The first law of thermodynamics, it was learned, is concerned 
with the equivalence of different forms of energy, and states 
that the energy obtainable from an isolated system cannot 
exceed the energy put into the system. Moreover, the 
constancy of the ratio of mechanical, electrical, or other form 
of energy to the heat energy produced shows that these 
different forms of energy can be converted compleidy and 
quantitatively into heat. It might, therefore, be thought 
that the reverse transformation of heat energy into mechan- 
ical or other forms of energy could also be carried out 
quantitatively, but this is not the case. To employ a 
frequently used illustration, one might imagine a ship fitted 
with an engine which extracted heat energy from the ocean, 
converted the heat energy into the mechanical energy 
necessary to drive the ship, and returned the heat to the sea 
again through the friction of the screws or of the vessel. 
This arrangement would not contravene the first law of 
thermod3mamic8, but it would constitute a perpetual motion 
machine of the second class capable of converting continuously 
the heat of its surroundings into external mechanical work. 
Experience has shown that no such perpetual motion machine 
can be obtained, and the second law of thermodynamics is a 
statement of man’s failure to produce such a machine. 
While, therefore, the first law of thermodynamics states 
the equivalence of different forms of energy, the second law, 
which deals with the conditions under which transformation 
of heat energy into other forms of energy takes place, proclaims 
that the extent to which such transformation can be effected 
is limited. The law, which is of fundamental importance in 
discussing the relation between heat and work in various 
processes, has been stated in different ways, two of which 
may be given here : — 
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1, Heat cannot pass of itself (i.e., tvititout some compensat- 

ing transformation) from a colder to a warmer body. 
{Clausius.) 

2. It is impossible, by inanimate material agency, to derive 

mechanical effect from any portion of matter by cooling 
it below the temperature of the coldest of the surrounding 
objects. (Lord Kelvin.) 


Reversibility and Masiznum Work. — Before one can 

calculate the extent to which heat can be converted into 

mechanical work one must first ascertain tlie conditions 

under which the maximum amount of external work can be 

obtained from any given process ; and for this purpose one 

may consider the work done when a perfect gas expands in a 

cylinder and so raises a piston. If one imagines that the 

piston is weightless and that it moves without friction, the 

maximum work is obtained on expansion when the external 

pressure on the piston is less than the pressure of the gas by 

an infinitely small amount. Thus, if the pressure of the gas 

IS p, and if the external pressure on the piston is low'ered to 

V-dp, where dp is an infinitely smaU pressure, the piston 

wiU be moved forward until the volume of the gas has 

mcreased by an infinitely small amount from v to v+dv 

The work wWch is thereby done is {p - dp) . dv =p . dv, since 

one may neglect the product of two infinitely small quantities. 

bin^ the whole work of expansion is converted into external 

work none being lost in friction or otherwise, the process 

can be completely reversed and the system obtained in its 

onginal state by increasing the pressure on the piston bv 

an i^mtely small amount. In order, therefore, that the 

maximum work may be obtained from a given process that 

reversibly ; and tho^condition of 

moment the system shows only 

that^^lf departure from a state of equilibrium, o^ 

fnfii’f 1 * ^ points, action and reaction differ only by an 
infiiutely small amount. ^ ^ 

Bearing the condition of reversibiUty in mind one can 

!u th"r" musTb“ equa'rtolh: 
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r 


p . dv ; and since one is dealing with 1 gram-molecule of 
gas, one has 


w 


= V' p .dv= r -- .dv = RT log, -2. 

Jr. Ju. V Vl 


Since, in the case of a perfect gas, pjV^ =P^z> one may also 
write 

w = RT log, 

P2 

This, also, is the maximum work obtainable, since it is 
the sum of the work obtained in a series of reversible 
processes. 

Conversion oE Heat into Mechanical Work. — One may 
now calculate the extent to which heat can be converted into 
work by causing a perfect gas to pass through a cycle of 
reversible operations, in the course of which a certain amount 
of heat is transferred from a higher to a lower temperature, 
and a certain amount of work is done. At the conclusion of 
the operations the gas is restored to its initial state. Such 

a cycle of operations is known as a 
p I Carnot cycle, the method having been 

employed for the first time in 1824 
by Nicolas Leonard Sadi Carnot 
(1796-1832), OflScer of Engineers in 
the French Army. 

1. Let 1 gram-molecule of a per- 
fect gas, enclosed in a cylinder with 
frictionless piston and occupying the 
Pjq gg volume Vj, be placed in contact with 

a large heat reservoir at constant 
absolute temperature T^, and let the gas be allowed to expand 
isothermally to volume V 2 (Fig. 89). Work, tOg, is thereby 

done by the gas equal to RT^ log, ~ ; and, at the same time, 

an amount of heat, is taken up from the reservoir or 
“boiler” in order to keep the temperature of the gas 
unchanged. Since the energy of a perfect gas, at a given 
temperature, is independent of its volume, 

9, = W2 = Rnioge^". 
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About the middle oX last centiiry the yiew was put forward that the beat 
of chemical action could be taken as a measure of chemical affinity ; and in 
1854 and 1864, respectively, the two pioneer workers in thermochemistry, 
Hans Peter Jurgen Julius Thomsen (1826-1908), of the University of Copen- 
hagen, and the French chemist, Marcelio Pierre Eugene Berthelot (1827-1907), 
stated the principle that of all possible chemical reactions occurring spon- 
taneously, t.e., without the aid of estemal energy, those take place which are 
accomj^njed by the greatest evolution of heat. This theorem Berthelot called 
the principle of maximum ttorl?, work being here identified with the heat of 
chemical reaction, which was regarded as being equal to the decrease of the total 
energy of a system. According to this theorem, only those reactions could take 
place sponuneously which are accompanied by evolution of heat. Although, 
as will be made clear presently, this principle bolds good under certain con- 
ditions, e.g„ at and in the neighbourhood of the absolute zero, it has no general 
validity. This is shown by the fact that not a few reactions are known which 
take place spontaneously with abeorpiknt of heat. The general validity of the 
principle of maximum work is disproved aUo by the occurrence of reversible 
reactions and the existence of chemical equilibria ; for it is clear that if one of 
the reactions takes place with evolution of heat, the reverse reaction must 
take place with absorption of heat. It may also be pointed out that the ossump- 
tion on which the prmciple of maximum work is based, namely, that the heat of 
reaction is equal to the decrease of total energy of a system, holds only when the 
reaction takes place without the performance of external work. 

It was thouffht by some, also, that a measure of chemical alBnity U to bo 
found m the veioexty with which a reaction takes place j but this view clearly 
becomes untenablo when one considers the fact that many substances, t a 
hydropn and oxy«n, ^tween which one recognises that there is great affinity 
do not combine when brought together at the ordinary temperature but do fo 
only m the presence of a catalyst. w 


It was not till 1884 that van’t Hoff, in his Etudes de 
dyimrmqvs chtmxque, pointed out that, on the basis of the 
s^ond law of thermodynamics, a measure of chemical 
affimty is to be found m the maximum external work (the 
work of chemical affinity ’•) which can be obtained when 
a chemical reaction is earned out reversibly and isothermaUv 

regarded as possessing a 
certain work content or capacity for doing work (A) but 

the absolute amount is not determinable.^ It is only the 

change m this capacity, when one system pLTsvon 

teneously mto another system, that can be measured bv^the 

at &e,uently la. 

perature, total exten.il ^orkTtCiu™ ortrelttriSi 
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or other ener^ available for use, and the work done by 
expansion against the constant pressure. The latter work 
IS represented by p . Av, where Av is the increase of volume 
accompanying the process.^ The work available for use 
may be called the available energy or the free energy G.^ 
Here, again, one can measure only the differences in the 
free energies of 33 ^ 5 terns, and one may write : 

Maximum work done = difference in free energy+© , Av. 
or 

- = - AG +p . Av. 

That is to say, 

— AG= — AA —p . Av. 


In any process which takes place spontaneously at 
constant temperature and constant pressure, — AG represents 
the maximum useful work, or available work, which can be 
obtained, and is equal to the maximum work, — AA, of the 
reversible change at constant temperature and pressure less 
the external work, p . Av, done by expansion under constant 
pressure. This decrease in the free energy, — AG, may be 
taken as representing the “ affinity ” of the chemical process. 
One may say, therefore, that a reaction can take place 
spontaneously only when it is accompanied by a decrease 
in the free energy ; and, conversely, when for a given reaction 
in a given direction the difference of free energy is negative, 
that reaction is thermodynamically possible although it 
may not take place to any noticeable extent in the absence 
of a suitable catalyst. 

Gibbs-Helmholtz Equation. — ^The relation between the 
change in the intrinsic or total energy of a system, as 
measured in a calorimeter, and the maximum work or free 


energy change can be obtained by combining the first and 
second laws of thermodynamics. Since the first law can 
be expressed by AU=q — w, or AU=q-^AA, and the 

second law by the equation, q=.T\^ )’ follows that 


^ The value of p . Av is constant and is independent of the manner in which 
the reaction is carried out. The magnitude of the available enei^, however, 
varies, and is a maximum when the reaction is carried out reversibly- 

* The term “free energy** was introduced by Helmholtz, who, however, 
applied the term to the maximum work done { — The distinction made 

above is very useful and is due especially to G. N. I^ewis. O was called by 
Willard Gibbs the “ thermodynamic potential.** 


SECOND LAW OF THERMODYNAJVIICS 301 
AA - AV =t(^^) 

Also, since AH = AV +p . Av (p. 258). andp ■ Av= AO - AA. 
one may write, 

Aa-AH=T[^). 

In the preceding equations, the subscripts v and p indicate 
that the process occurs at constant volume and at constant 
pressure respectively. 

The above equations are different forms of the often - 
called Qibbs-Hehnholtz Equation. The last form is, 
perhaps, the most useful, since most chemical reactions are 
carried out at constant atmospheric pressure. 

From the Gibbs-Helmholtz equation the important 
conclusion can be drawn that the change in the intrinsic 
energy of a system (C/ or AU), or the heat of reaction as 
measured in a calorimeter, will be equal to the external work 
done {A or AA) only when the temperature coefficient of the 
work done is equal to nought {d AjdT—O), or when the reac- 
tion takes place at the absolute zero (2’ = 0). Under these 
conditions, therefore, A = U, and the Thomsen-Berthelot 
principle of maximum work is valid ; and only those reactions 
will take place spontaneously (i.e., with performance of 
external work) which are accompanied by evolution of heat, 
A and U both being positive. Further, when d AfdT 
dUjdT=0. That is, the heat of reaction is independent of 
the temperature. From this it follows, by Kirchhoff’s law 
(p. 270), that the speciffc heat of the reactants is the same as 
the speciffc heat of the resultants ; and since the molecular 
heats of solid compounds are, in many oases, equal to the 
sum of the atomic heats of the constituent elements, the 
Thomsen-Berthelot principle must also be valid in the case of 
reactions involving such substances . The Thomsen-Berthelot 
principle, therefore, enshrines at least a partial truth. 

The possibility that a reaction may take place spon- 
toneously with absorption of heat (endothermic reaction) 
ako follows from the Gibbs-Helmholtz equation. For, if 
the temperature coefficient dAjdT is positive and if the 

quantity y . _ is greater than A (which will be the case 
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especial^ at high temperatures), then the expression 

^ ^ ^ be negative, and therefore U will be negative. 

That is, the reaction takes place with absorption of heat. 

Since the temperature coefficient of chemical affinity 
^ is generally small compared with the maximum work 

A, it follows that at low or moderate temperatures most 
reactions are exothermic ; and heats of reaction, when 
positive and large, may be taken as representing, approxi- 
mately, relative chemical affinities. 

dA 

The quantity represents what is known as the bound 

or latent energy, or energy unavailable for external work, and 
one sees that an endothermic reaction can take place spon- 
taneously because there is a decrease of free energy (or 
external work is done), but an absorption of heat takes 
place because more energy becomes bound or latent than is 

given out as external work A ^ . 

Entropy. — The relation between the intrinsic energy of 
a system and the maximum work or free energy obtainable 
when the system undergoes change, can be represented by 
the equations 

U=A+T8 

and H=Q-\-TS, 

where S is the capacity factor of the isothermally unavailable 
energy or of the bound energy in a reversible isothermal 
process. It is called entropy. For a process occurring at 
constant temperature, therefore, one has the relation, 

AO^AH-TAS. 


If a reversible process takes place isothermally, at a 
temperature T , in a non-isolated system, and is accompanied 
by an absorption of heat, g, no useful work is done and 
there is merely a transfer of unavailable energy, TS. The 
change (increase) in the unavailable energy of the system will 
be T . AS {T being constant), and this will be equal to the 
heat absorbed, q. The increase of entropy, therefore, is 



where q is the heat absorbed in a reversible isothermal 
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process, carried out at the absolute temperature T. AS, 
it may be noted, has the dimensions of energy divided by 
temperature, and can be expressed in calories per degree. 
By means of this relationship it is possible to calculate the 
change in entropy accompanying a reversible process. 

Thus, Id the vaporisetioti of 1 gram-molecule of water at 100^ c., carried out 
reversiblj under the pressure of its own vapour, the heat absorbed is the molar 
beat, or latent heat per gram muitipUed by the molecular weight. Hence, the 
increase of entropy in the process b 

^^639^6>a8^ 26 04 cal. per degree. 

In a similar manner one may calculate the entropy increase accompanying 
the process of fusion. 


Since AS = L^^ IT, one may state Trouton’s Rule (p. 101) 
in the form : Normal liquids have the same entropy change 
of vaporisation. 

Entropy Change in Spontaneous Reactions. — It has been 
pointed out (p. 298) that spontaneous reactions, which can 
take place without addition of energy from outside, take 
place with performance of external work or are accompanied 
by a decrease of the free energy ; and the extent to which 
a process can take place spontaneously can be expressed in 
terms of AA or AG. It can also be expressed in terms of AS. 

The increase of entropy, AS, in a reversible process, 
that is, in a process which takes place under conditions of 
equilibrium, has already been considered. In the case of a 
spontaneously occurring reaction, the process is not reversible, 
and in the process some of the energy becomes unavail- 
able {TS) ; and if the reaction takes place at constant 
temperature the increase of entropy, JiS, is a measure of 
the meversibihty of the process. A spontaiieoiLsly occurring 
chemical reaction or physical change is accompanied by an 
increase of the total entropy of the system ; and from a know- 
l^ge of the entropies of substances it is possible to state the 

duection of spontaneously occurring reactions or physical 
changes. 


'rj^®'™odynamic Deduction of the Law of Mass Action. 

^e law of mass action was enunciated by Guldberg and 
W^ge on the basis of the experimental determination of the 
velocity of cheimcal reactions, and an equivalent expression 
can be deduced on the basis of the kinetic theory with 

assumptions regarding the motion 
and colhsion of molecules. A broader and more general 
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derivation of the condition of equilibrium, independent of 
the nature of the reacting substances and of the particular 
course which a reaction may follow, can, however, be 
obtained by the use of the concepts of maximum work' and 
free energy discussed in the preceding pages. To iUustrate 
this, one may consider a particular case of a gaseous 
equilibrium, namely, 

CO+HjjO^COa + Ha. 


From wliichever side the condition of equilibrium is reached 
there is a decrease of free energy, and at equilibrium the free 
energy change is zero. 

In order to derive the condition of equilibrium in the 
case of the above balanced reaction, a mechanism must be 
made use of by means of which the reaction can be carried 
out reversibly and isothermally. Such a device, known as 
the “ equilibrium box,” was imagined by van’t Hoff. This 
box is supposed to be furnished with a number of walls 
or membranes, each of which is permeable only to one of the 
constituents of the reaction mixture. With the help of this 
device one can calculate the maximum work done in con- 
verting 1 gram-molecule of carbon monoxide at the partial 
pressure P^, and 1 gram-molecule of steam at the partial 
pressure into 1 gram-molecule of carbon dioxide at 
partial pressure P^, and 1 gram-molecule of hydrogen 
at partial pressure P^. These partial pressures are chosen 
quite arbitrarily. In the equilibrium box the four gases are 
supposed to be present as an equilibrium mixture, the partial 
pressures of the different gases being p^y p^y and p^ 
respectively. 

The carbon monoxide and steam are supposed to be 
contained in cylinders with frictionless pistons, and the gases 
are expanded reversibly until their partial pressures are 

and p^y the same as those of the respective gases in the 
equilibrium box. The work done by the gases in the process 


P P 

is RT loge — and RT loge — respectively. The cylinders 

Pi P2 


are now brought into contact with the appropriate mem- 
branes in the equilibrium box, and 1 gram-molecule of 
carbon monoxide and 1 gram-molecule of steam are passed 
into the equilibrium box. Since the partial pressures of the 
gases in the cylinders and in the equilibrium box are the 
same, no work is done in the process. The carbon monoxide 
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and steam immediately react in the box with production of 
carbon ^oxide and hydrogen, but the volume of the equilib- 
rium mixture is supposed to be so large that no appreciable 
change in the composition is produced. By means of 
cylinders and pistons, 1 gram-molecule of carbon dioxide 
and 1 gram-molecule of hydrogen, at the partial pressures 
Pa and p*, are now removed from the equilibrium box through 
the appropriate membranes ; an operation which again 
involves no work. These two gases are now brought to the 
pressures P 3 and P 4, the work thereby done by the system 

being RT loge and RT loge The total work done in 

** 3 •*4 

the series of operations is : 


Work = RT ( log. I + ^ |.3 ^ 

or, rearranging the logarithmic quantities, 

Work = RT loge ^2^* _ loge 

If the partial pressures of the constituents in the equilib- 
riuin box had had any other values, say and ® ' 

the total work would have been : •>'^'*■^2.^3, and p, , 

Work = RT log, - RT log* — ^^4 

P1P2 ^ PjPa' 

in the two cases, however, must be the same, 
®re carried out reversibly, and the work 

P 3 P^ ^ PsP* _ fi- 
P1P2 PlPi 

iLfuiS on^™» “f partial 

^ concentrations, and so obtain the 


C1C3 


~K 


* M 

gen^'^eTfor hi?”’ T understand, can be 
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in a manner similar to the above, derive the mass law ex- 
pression for equilibrium in dilute solutions wliich obey the 
gas laws, by making use of the osmotic work involved in 
the transfer of substance from one concentration to another. 

Measurement of Affinity or Decrease of Free Energy. — 
The decrease of free energy or the affinity of a chemical 
reaction can be studied from a knowledge of the equilib- 
rium constant of a balanced reaction. Taking the case just 
discussed as an example, the decrease of free energy when 
carbon monoxide, steam, carbon dioxide and hydrogen 
at the partial pressures Pj, Pg, P 3 , and P 4 , respectively 
react so as to produce the equilibrium mixture in which the 
partial pressures of the constituents are pj, p 2 > P 3 > is 


~ AG ^RT loge - RT loge 

PiVi P iP 8 


= RT loge A’p - RT loge 


P3P4 


This expression is known as the van't Hoff isotherm. 

Since the decrease of free energy of a chemical change 
will obviously depend on the values of the initial pressures of 
the reactants and the final pressures of the resultants, the 
affinity is defined as the decrease of free energy which results 
when the partial pressures (or concentrations) of the react- 
ants are initially equal to unity, and when the final pressures 
(or concentrations) of the resultants are also unity. From 
this it follows that when carbon monoxide and steam, each 
at the partial pressure of 1 atmosphere, react so as to form 
carbon dioxide and hydrogen, each of which has also the 
partial pressure of 1 atmosphere, the decrease of free energy 
is given by 

Or, if the initial concentrations of the reactants and the 
final concentrations of the resultants are each unity, then 


- AG' = RT\o%o K^. 

The free energy of a reaction may thus be calculated from 
determinations of the equilibrium constant at a given 

temperature. , , 

Calculations of Affinity.— A few examples may be ^ven 
to Ulustrate the application of the expressions given above 
for the calculation of the affinity of a chemical reaction. 
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It was found by W. Nemst and H. von Wartenberg * 
that the degree of Association of water vapour at 1000° K. 
and under a pressure of 1 atmosphere is 3 x 10“’. Starting, 
therefore, with 1 gram-molecule of water vapour in 1 litre, 
the concentrations of hydrogen and of oxygen at equilibrium 

are 3 x 10“’ and - x 10“’ gram-molecules respectively. The 

equilibrium constant of the reaction H 2 -}-i 02 =H 20 is given 
by the expression 



1 

(3 X 10“’)(l-5 X 10 



= 8-61 


X 10«. 


Owing to the very small degree of dissociation, the con- 
centration of water vapour has been put equal to unity. 
From this one calculates 


- AQ^RT \ogeK 

= 2-303 X 1-987 x 1000 x logjo 8-61 x 10® 

= 45,510 cal. 

This represents the decrease of free energy w’hen 1 gram- 
molecule of steam, at a pressure of 1 atmosphere, is produced 
at 1000° K. by the combination of hydrogen and oxygen, 
each at atmospheric pressure. 


On© may calculate the afiBnity of reactions taking place in heterogeneous 
ad ifi illuBtrated by the following examples. 

In the case of the equiUbrium^ 


CaO+CO*^CaCO 




the pressure of carbon dioxide has a definite value at a given tcinperuture. 
11 , at consUnt temperature, the pressure of carbon dioxide is increased. 
fomatioD of carbonate will take place, whereas diminution of the pressure 
wm bw about the dissocUtion of the carbonote. Suppose 1 gmm-molecule 
of wbw dioxide at temperature T and under atmospheric pressure to be 

P»ton, and let the gas b® expanded revereibly 
to the diasociation pressure p of 
Mlcium carbo^te at the given temperature. In this process the system does 

^ brought in contact iWth calcium 
^ compres^ reversibly so that it combines with the 

thereby done on the gas is pv = RT. The toul work 
gaine<i m toe senes of operations ** — 


Total work =RT log, l/p - RT. 

«iitIn7v?iu®m/‘?hT® ^ were taken and the reaction carried out at 

consent volime, the work would have been equal to RT loc l/« TherafAi^ 

at atmospheric pressure and at constant volume, one finds * 

^AOsRT log^ 1/p. 


‘ Z. phj/sileaL Ohtm.^ 1906, 66, 613 
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At 1273° K. the dissociation pressure of calcium carbonate is equal to 271 cm 
of mercury, or 271/76 atmosphere. One therefore finds 


- AO = 2-303 X 1 -987 x 1273 x log,o 76/271 
= -3220 cal. 


That is. since at 1273° ai^ under atmospheric pressure, -AO has a negative 
value, the reaction CaO +C0, = CaC08 tloes not take place spontaneously 
but rather the reverse reaction, or the dissociation of the carbonate. 

In determining the affinity of a dissociation process, it may, in some cases 
be necessary to proceed indirectly. Thus, in order to determine the affinity 
of the reaction l<e + JO, = FeO, one may proceed as follows. The affinity of 
the reaction FeO -t- Hj = Fe -i- HjO can be calculated from the equilibrium 
constant ■K=Ph,o/Ph,' which at 1000° k. is equal to 0-57. Consequently, 

1000 X log , 0 0-67= -1118 cal. The affinity 
( Ac/j) of the reaction + is, as we have found, equal to 45,510 cal. 
Therefore the affinity of the reaction Fe + J02 = FeO is obtained by 

subtracting the affinity of the first reaction from that of the second ; or 

as 45,510 + 1 1 18 » 46,G28 cal. 


One may also calculate the affinity of a reaction taking place in the solid 
stale, e.g., transformation of monoclinic into rhombic sulphur. At any tem* 
peraturc other than the transition point, only one of the polymorphic forms is 
stable, although the other may exist as a metastable form owing to the slow- 
ness with which transformation takes place. It is thus possible to determine 
the solubilities of the two forms and in a given solvent. Suppose, now, 
that 1 gram-molecule of tnonoclinic sulphur is dissolved to a saturated solution 
in some solvent, and the solution diluted reversibly to the concentration C. 
The w'ork done by the system in the dilution process is RT log, Cj/C. If 
rhombic sulphur is similarly treated, the work done is RT log, VJC. Since 
the two forms are identical in solution, one can carry out a process of dissolving 
monoctinic sulphur and crystallising out rhombic sulphur, the whole operation 
being a combination of the first process with the reverse of the second, and is 
equivalent to the conversion of 1 gram-molecule of monoclinic sulphur to 1 
gram -molecule of rhombic sulphur. The work of dissolving the one modification 
counterbalances the work of crystallising out the other, and the net work is 


or 


RT log^ CJC-RT log. CJC. 
-AO=«7’log.^«. 


If Ci>Cm, there is a decrease of free energy, which shows that the monoclinic 
sulphur is the unstable form at the temperature T, and that it has the greater 
solubility. Since the free energy equation contains no reference to the solvent, 
it follows that the ratio of the solubilities of the two forms at any temperature 
must be the same for all solvents. Further, at the transition point, — A0=0, 
and at this temperature, therefore, the solubilities are equal (CtsCt). 

At 25*^ the ratio of the solubilities in various solvents of tbe two modifica- 
tions has been found to be ^ 


At 25"^ c., therefore, 


C„_ 


= 1 -28. 




- A& = 2-303 X 1-987 x298 x log,o 1*28 
= 146 cal. 


* J. N. Brbnsted, Z. phytikal. Chem., 1906, 65, 371. 
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Affinity and Electromotive Force. — In the case of reactions 
involving electrolytes, the decrease of free energy or the 
affinity of a reaction can also be calculated from measure- 
ments of the electromotive force of suitable voltaic cells, 
the electrical energy supplied by such cells being equal to 
the decrease of free energy accompan 3 dng the chemical 
reaction in the cell (Chap, XV.). 

In the case of the Daniell cell, for example, in which zinc 
dips in a solution of zinc sulphate and copper in a solution of 
copper sulphate, the two solutions being separated by a 
porous diaphragm, the reaction which takes place may be 
represented by the equation Zn -fCu” =Zn'’ -h Cu. That 
is, when electrical energy is being supplied by the cell, zinc 
loses electrons and passes into solution as zinc ions and 
copper ions take up electrons and are discharged at the 
copper electrode. 

Electrical energy can be expressed as the product of the 
electromotive force or fall of potential in volts, and the 
amount of electricity in coulombs ; and the product so 
obtained gives the energy in volt-coulombs or joules. 
Since the amount of electricity associated with 1 gram- 
equivalent of an ion is the same for all ions, namely, 
96,500 coulombs (1 faraday), the energy involved in the 
discharge of 1 gram-ion of substance wiU be zFE, where z 
is the valence of the ion, F is 1 faraday, and E is the e.m.f. 
of the cell. The free energy change of the reaction 
Zn + CJu" =Zn" +■ Cu will therefore be 


- JG = 2x 96,500 X 1*1 =212, 390y. = 50,782 cal. 

The e.m.f, of the cell depends on the concentration of the 
solutions, the value !•! volt being given when the solu- 
tions have normal concentration. The concentrations of 
zinc and copper ion for which the e.m.f. would become 
zero (— ^G = 0) can be calculated from the equation 
-^G = 2‘Z03RT logioF’, where = [Zn-]/[Cu-]. It is 
found that, at 26® C., 


login ^ = 


60782 

2-303 X 1-987x298’ 


or A = l-6xl0a’. 

Since [Zn ] cannot exceed 1 or 2 units (saturated solution). 
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the concentration of copper ions must become excessively 
small if the e.m.f. is to fall to zero. 


In a similar manner one can calculate the affinity of complex ion formation 
and so obtain a measure of the stability of a complex salt. Thus the cell 



0-05N-K^Ag(CN)3 
0-95n -KCN 


normal solution 
of Ag 



was found ' to have an e.m.f. of 1-327 volt at 18®. If the concentration of 
silver ions in the right-hand compartment is assumed to be unity (normal 
solution), and if <7 is the concentration of silver ions in the left-hand compart- 
ment produced by the dissociation Ag(CN) 3 ^^ Ag. -f 3CN', then, as will be 
shown in Chap. XV., 


e.m.f. = 1-327 = 2-303 


RT 


log 


10 


1 

C* 


From this one finds C = 8 x 10”**. 

If it be assumed that the complex salt and the potassium cyanide are 
completely ionised, the equilibrium constant is calculated to be 


Consequently 


[Ag(CN),'] -0^05 137x10 . 

- A(7 = 2-303 . RT logjo 1-37 x 10-« 
s — 29,150 cal. 


The negative value of — 6(? indicates that it is the reaction 

Ag- + 3CN' ►Ag(CN)j' 

which takes place spontaneously with decrease of free energy. 


Variation of Equilibrium with Temperature. — It has 
already been pointed out that the effect of change] of 
temperature on a system in equilibrium can be predicted 
qualitatively by means of the theorem of Le Chatelier. It 
can, however, now be shown that a quantitative relation 
between the equilibrium constant and temperature can be 
obtained by combining the Gibbs-Helmholtz equation with 
the van’t Hoff isotherm. 


Since 


AO~ 


AH = T 



and - AG = RT loge - RT log* . 

r 2 

it follows that 


d . AO 
dT 


=-^-Rlog,K, + Rloge^*^ 


( 1 ) 

( 2 ) 

( 3 ) 


‘ G. Bodliinder and W. Ebcriein, Z. anorgan. CAcm., 1904, 39, 197 
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Further, on differentiating equation (2) with respect to 
temperature, one obtains * 

=-R loge K.-RT ^ + R log. (4) 

Combination of equations (3) and (4) leads to the equation 

d loge AH _ _ 

dT RT^ RT^' 

where is the heat evolved when the reaction takes place 
at constant pressure. When the reaction takes place at 
constant volume, one has 

d\o^QK^_AU_ g„ 
dT RT^ RT^' 


where g, is the heat evolved at constant volume. This 
equation is known as the van't Hoff isocJiore.^ 

Since, in the expression for the equilibrium constant K, 
the reactants appear in the denominator, a negative value of 

indicates that with rise of temperature the equilib- 
rium is shifted from right to left, and that this reaction 
takes place with absorption of heat (g being negative) ; a 
behaviour predicted by the theorem of Le Chatelier. 

If it be assumed that the heat of reaction remains constant 
over a given small range of temperature, the van’t Hoff 
isoohore can be integrated, and yields the expression 




or 


log 


2-303 X 1-987 


(?Vzlx\ 

\T^xTJ 4-577 KT^xTJ' 


2 ^ 4*901 J X ^ g/ ^*677 

By means of this equation the value of at the absolute 

^2 can be calculated if and ^ are known , 

* la carrying out this di£fereDti&tioo» one must bear in mind that 


and that 


~{RT log. K,) =R log. S^+RT — : 


dT 


~ (j?r log. p,p./PjPj=R log. 

Sums© P^ P„ P^ and P. are arbitracUy chosen and are independent of the 
temperature. 

• From the Greeks meaning equal volume. 
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and, further, ^ the values of and at the absolute 
temperatures and are known, one may calculate the 
value of q, the heat of reaction. 


application of the van’t Hoff isochore 
the mdustnally important reaction 


one may consider 


CO, +H, =CO + H,0 - 10,500 cal. 

727? ^ water-gas ovens. It has been found that at the temperature 


jT _^coxPh,o , „„ 

^ “ D n — " 1 *02. 

^co, X Ph, 


The value of the equilibrium constant at 973“ K. will then be Riven bv the 
expression ® ^ 

_ 10500/1273 - 973\ 

•K’i*7s 4 -677X1273 x 973P 


Therefore, 

and 


•^•73— log|0 ^1273 — 0‘5667 


At lower temperatures, therefore, the value of ^®® ig less than at 

. . . ^co, X Pa, 

higher temperatures, showing that, at lower temperatures, the reaction 

CO-fH,0 ►CO. + H, 

is favoured, a reaction which is accompanied by evolution of heat. When, 
therefore, it is desired to favour the reaction. 


CO + H^O ^CO, + H*, 

for the production of industrial hydrogen from water-gas, the reaction is 

place in the presence of a catalyst at a low temperature [450®- 
• production of water-gas, however, a high temperature, say 
1100 -1200 c., IS employed so as to diminish the oxidation of carbon monoxide 
by the excess of steam. 

Since a solid^ in contact with a saturated solution also constitutes a system 
in equilibrium, it is possible to calculate the heat of solution from the values 
of the solubility S, and at the absolute temperatures and P*. Thus, 

applying the van’t Hoflf isochore, one has 

d loge S 
dT 


or 


, -Si L /Pi-TA 
4-677\P, xP,) 


where i& the calorimetric beat of solution fevolved] in a saturated solution per 
gram-molecule. In the case of succinic acid, for example, 100 g. of water dissolve 
2-88 g. and 4*22 g. of the acid at 0® and at 8*6® o., respectively. Therefore, 


L = 4577 


T.xT. , 
^77T7rxlog.o 


2-88 

4-22 


*4-677 


273x281-5 
281 -6 - 273 


X logio 


2-88 

4-22 


= -6868 cal 

The experimentally determined heat of solution is — 55 x 118= — 6490 cal. 
The heat of solution is negative [heat absorbed], and, consequently, one finds 
that the solubility increases with rise of temperature. 
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The Nernst Heat Theorem. — In a previous section it was 
shown that the maximum work or the decrease of free energy 
of a reaction can be calculated from determinations of the 
equilibrium constant, or from measurements of the e.m.f. of 
a voltaic cell ; and when one is dealing with non-electrolytic 
systems one is restricted almost entirely to the former method. 
The question arises, however, whether it may not be possible 
to calculate the free energy or the maximum work from purely 
thermal measurements. Were tliis possible one w'ould be 
able to determine from purely thermal data the condition 
of equilibrium for a particular reaction. This, it is found, 
can be done with considerable success in the case of systems 
involving only solids and liquids. 

The Gibbs-Helmholtz equation (p. 300) can be written 


dA 


in the form A — U = T and on dividing this throughout 


by one obtains 


1 dA A _ U 
T'dT T^~ r*’ 

^ A _ _U 
dT T ~ 


This equation, on being integrated, yields 


A [ U 

y J ^ ^ ' • ( ^ ) 

where I is the integration constant. 

In order that one may be able to calculate the value of A 
when U is known, it is necessary ( 1 ) to express ?7 as a function 
of T, and (2) to know the value of/. 

A^ording to Kirchhoff’s law (p. 270) the variation of U 
with T 18 given by the expression 


dU 


specific heats can be expressed as a function 
oi I , this equation can be integrated in the form 

= + + ( 2 ) 

Equation (1), therefore, after both sides have been multiplied 
by 1 , can be written ^ 
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A=~TfiU, + aT+^T^ . . .)^^+IT 


= IT+U,-aTlog^T-^T^~^T^ . . . 

A 

On differentiating this expression, one obtains 

rf A Q 

^=/-a-aloge!r-2^r-|yT= . . . 

Further, from equation (2) it follows that 

dU 


dT 


= a + 2.pT + . . . 


(3) 

(4) 

(5) 


From the Gibbs-Helmholtz equation it is clear that when 
T = 0y A = U ; but to this conclusion Nemst added the 
theorem that at the absolute temperature not only is A = U, 

but ^^=0 and ^^ = 0. In other words, Nernst concluded 
dT dT 

that the curves showing the variation of A and of U with the 
temperature meet tangentially at the absolute zero, so that 
A — U not only at the absolute zero but also for some distance 
above the absolute zero. This is known as the Nernst heat 
theorem.'^ 


In order that 


dA 

dT 


(equation 4) may become zero when 


7’ = 0, it is necessary to put not only 7 = 0 but also a=0, 
since, otherwise, — a log© T would become infinite. One can 
therefore write 


and also, 
or 

Hence, 


Ci-C2 = 2^r + 3yy2 . . . 

= + + . . . 


and 




It is clear, therefore, from the above equations, that since 
the coefficients )3, y, etc., can be calculated from the specific 

» Through the introduction of the Nemst heat theorem one is enabled to 
integrate the Gibbs-Helmholtz equation. 
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heats of the reactants and resultants at the given temperature 
T, A and U can be calculated from purely thermal data. 
When p, y, etc., are known, Iiowever, one can calculate the 
value of U o from the heat of reaction U at the temperature T, 
and therefrom one can calculate the value of A , the maximum 
work obtained from the reaction. It follows, also, that the 
equilibrium constant of a reaction, which can be calculated 
from A, can also be calculated from purely thermal data. 


Confirmation of the validity of the Nernst heat theorem 
was obtained by F. Koref, working in Nernst’s laboratory,* 
in the case of the fusion of benzophenone and of betol, two 
substances which can be very greatly supercooled. Since 


dU 

dT~^^ 


Cj, = 2pT + ZyT^, it follows that as the temperature 


approaches the absolute zero, the difference between the 
specific heats of solid and supercooled liquid should tend to 
zero. The following values for betol are in harmony with 
this deduction : — 


Betol. 

Benzophenone. 

T. 

• 

1 

II 

T. 

dU 

320® 

0-362 -.0-296=0'067 

296® 

0-3825 -0-3051 =0-0774 

240® 

0-256 - 0-220S=:0-0365 

137® 

0-1626 - 0-1514 = 0-0012 

130® 

0-148 - 0-144 = 0-004 


^ 9 % 


t oI the Nemst Heat Theorem. — To illustrate the application 

ot the Ne^t heat theorem, one may calculate the transition point of monoclinic 
and rhombic sulphur. From the dinerence between the specific heats of rhombic 
and monm^c sulphur, one finds that in the expreaaioo U=Vo + ^T* [hieher 
^wers of T being neglected], P — 1*15 x 10-* ; and from determinations of the 
neat oi transformation one finds f7, = l*67, so that If = 1-57 + 1*16 x . 

which is in harmony with the determinations of J. N. Br6nsted * 
and u. Tammann,* as the following numbers show 


T. 

^obeenreu* 

C^cmlculated- 

273® 


2-40 

2*43 [BrOnsted.] 

368® 


3-19 

3*13 [Tammann.] 


* See Nernst, J. Phyaique, 1610, [4], 9. 721. 

* Z. phyaikal. Chem., 1906, 65, 371. 

■ KriataaiaUrtn und ScArmizen, pp. 274, 276. 
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For A, therefore, one has the expression 

-^ = 1-67 -115x 

The values of A calculated from this expression are in agreement with the 
values obUined by Bronsted from determinations of the solubility, as is shown 
by the numbers in the following table 


T. 

^Bronsted. 

1 


273® 

0*72 

0*71 

288-5® 

0*64 

0*61 

291-6® 

0*63 

0-59 

298-3® 

0*57 

! 0*55 


Moreover, since, at the transition point, ^=0. the temperature of the 
transition point is calculated to be 


^ = V 1.15x^L-» = •=■ 

Direct determinations of the transition point give the temperature 95-6® o 

The Nemst heat theorem may also be applied to the calculation of the e.m.f. 
of a voltaic cell. Thus the heat of the reaction 4Pb + AgCl = *PbCl* + Ag is 
given by the expression t7= 11,904 + 0-010062 T*. At 26®, therefore, the value 
of A will be ^=U,904-0010062x298* = 11.0U cal. When, therefore, one 
equates the electrical energy with the maximum work, one calculates that, 
in the case of the coll. 

Pb I PbCljis) : saturated solution ( AgCl(s) ; saturated solution | Ag 
F£ = 11.011 cal., or 96,600 x 0-2390 x 11.011. 

and therefore 


^ The factor 0*2390 is introduced in order to convert the product of volts 
and coulombs [96,500 x S] into calories. 




CHAPTER XIV 


LAW OF MASS ACTION APPLIED TO SOLUTIONS 

OF ELECTROLYTES 

Ostwald’s Dilution Law. — It has already been pointed out 
that, according to the theory of electrolytic dissociation, an 
electrolyte when dissolved in water undergoes spontaneous 
dissociation into positively and negatively charged ions ; and, 
in the case of a weak electrolyte, the extent to which ionisa- 
tion takes place depends on the temperature and on the 
concentration of the solution. At a given temperature there 
exists, therefore, a definite equilibrium between the un-ionised 
molecules of the electrolyte and the ions, which depends 
only on the concentration and to which, therefore, one can 
apply the law of mass action. 

In a dilute solution of acetic acid, for example, there 
exists the equilibrium 

CHg.COOH^FiCHa.COO'+H-. 

and if one applies to this equilibrium the law of mass action 
one obtains, as the equilibrium condition at constant 
temperature, 

[CH3.CQ01 x[H ]_^ 

[CHs.COOH] 

H in a given volume v of solution there is 1 gram- 
equivalent of electrolyte, and if a is the degree of dissociation, 
the amount of un-ionised electrolyte at equilibrium will be 
(1-a), and the amount of each of the ions will be a gram- 
equivalent. The concentration of un-ionised molecules will 

therefore be ^ , and the concentration of each of the 
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. a 
ions 

V 


On substituting these values in the equilibrium 


equation, one obtains the expression 


a' 


(l-a)t; 




or, since a = AJAgf, (p. 230), the equilibrium equation can 
also be written 




A CO (A CO -A^)v 


= K. 


From these expressions it is clear that, at constant tempera- 
ture, the degree of ionisation and the equivalent conductivity 
must vary with dilution in such a way that at each 

concentration the expressions ^ . and ^ 


(1 - a)v 


A^(A^ -Ac)v 


remain constant for any given electrolyte. The constant K 
is called the dissociation or ionisation constant. 

The application of the law of mass action to electrolytic 
equilibria was first made by Wilhelm Ostwald, and the 
equilibrium equation a^l{\—a)v=K is the mathematical 
expression of what is generally known as Ostwald's Dilution 
Law. The law has been confirmed for a large number of 
weak or slightly ionised acids and alkalis. The numbers 
given in the following table, in which the values of K for 
acetic acid are calculated from determinations of the 
equivalent conductivity of solutions at 25*, illustrate the 
applicability of the law.^ 


EQUIVALENT CONDUCTIVITY AND DISSOCIATION OF ACETIC 

ACID AT 26® 


V. 

A* 


K X 10*. 

13-67 

6-086 

0-0167 

1-846 

2714 

8-691 

0-0222 

1-851 

64-28 

12-09 

0-0312 

1-849 

108-66 

16-98 

0-0438 

1-849 

217-1 

23-81 

0-0614 

1-851 

434-2 

33-22 

0-0867 

1-849 

808-4 

46-13 

0-1190 

1-860 

1737 0 

63-60 

0-1641 

1-854 

3474-0 

86-71 

0-2236 

1-865 

00 

1 

387-7 

» « ♦ 

# % • 


‘ J. KendalJ. J. Chem. Soe., 1912, 101, 1276. 
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As the mean of the best determinations, the dissociation 
constant of acetic acid is found to be 1*81 X 10“®. In the 
case of acids and alkalis, the dissociation constant is generally 
called the affinity constant. 

In calculating the above value of the affinity constant 
of acetic acid, a has been taken as equal to A JA ^ . If 
account is taken of the influence of concentration on the 
mobility of the ions (p. 231), and the concept of activity 
introduced,^ the affinity constant is found to be 1*75 x 10“®. 
The constant calculated on this basis is known as the 


thermodynamic or true dissociation constant. 

The Strength of Acids and Alkalis. — ^Acid properties, as we 
have seen, are the properties of hydrogen ion. so that the 
greater the concentration of hydi'ogen ion the more pro- 
nounced will be the acid properties. Since, for any given 
total concentration of acid, the concentration of hydrogen 
ion will depend on the degree of ionisation a, it can be seen 
that the efficiency of a substance as an acid, or the strength 
of an acid, will depend on the extent to which it undergoes 
ionisation at a given dilution. Since the aflfinity constant 
gives a relationship between the degree of ionisation and 
concentration, it is clear that we have in it a measure of the 
strength of the acid or of its tendency to ionise. The value of 
the affinity constant is a characteristic of the acid. Alkali 
properties, similarly, depend on the hydroxide ion, and the 
affinity constant gives a measure of the strength of the alkali.^ 
When one is dealing with a weak or slightly ionised 
electrolyte, that is, with one for which the value of a at a 
given dilution is small, one may neglect a in comparison 
vnth unity in the expression a^il -a)=K . v. One obtains, 
^ereforo, the expression a^ = K .v, or o = -y/K . v = V^Jc 
from which the value of o at any given dilution v in litres' 
or at a concentration c in gram-equivalents per litre, can be 
calculated.8 From the expression, a~^/K|c, it foUows that 

o I Y »» Harnod and R- W. £hler8. ibid 1932 54 

^ solutions. In accordance with the 

caloulaSSw the of a can be 

of the quadmUo means of the expression [the aoluUon 

«= /T~K* K 

V 4 2V r+i? s* 
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in an equivalent normal solution (c = l), the degree of ionisa- 
tion of a weak electrolyte will be equal to the square root of 
the dissociation constant. Moreover, for any two weak acids 
or alkalis in solutions of the same concentration, one has 


or 


ttj = V K^v and = VK^v 

a, 


That is to say, for two weak or slightly ionised electrolytes 
the degrees of ionisation at any given dilution, which is the 
same for both, are proportional to the square root of the 
ionisation constants. 


From a knowledge of the afhnity constant of a weak acid (or weak alkali) 
one can also calculate the concentration of [H‘] (or of OH^). Thus, since 
CH*]=[A^], = A . [HA], where [HA] is the concentration of the un^ionised 

molecxiles. If, however, the acid is weak, one may, without great error, put 
[HA]stotai concentration of acid, and one obtains the expression 
[H ]* = A . [acid], or [H ] = VA . [acid]- 


The relation between the concentration of hydrogen ion, 
the degree of ionisation of an acid, and the affinity constant 
may also be expressed in another manner which will be found 
useful. In the case of a weak acid, one may write the mass 
law equation in the form 

[A'] _ K 
[HA] [H]* 

and, since [HA] = [total acid]— [A'], one obtains 

[A-] _ K = 

[acid] — [A'] [H'] [acid] A’-i-[H] 

This expression may be transformed into 

1 _ 1 a 

[H ]“.fi: * 1-a 
from which one obtains 

logio = logio ^ + logic 

This expression is useful for the purpose of plotting 
graphically the relation between the hydrogen-ion con- 
centration and the degree of ionisation. 
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That the strength of acids and of alkalis may vary 
greatly is shown by the numbers in the tables below', in 
which are given the values of the affinity constants at 25 
for a number of weak monobasic acids and weak monoacid 

bases. ^ 

It may be noted that the strength of acids and of alkalis can be determined 
not only by measurements of the conductivity but also by measurements 
of the velocity of hydrolysto of esters, of the hydrolysis of salu, etc., and of 
electromotive force. 


AFFINITY CONSTANTS OF WEAK MONOBASIC ACIDS (25®) 



K. 


K. 

Salicylic acid 


l-00xl0-» 

Benzoic acid 

6-2 X 10-* 

Nitroua acid 

• 

4-6x10-* 

Acetic acid 

1-813 X 10-* 

Formic acid • 

# 

2-1 X l0-« 

Hydrocyanic acid (18^) 

1-32 X 10-» 

Lactic acid • 


1-36x10-* 

Phenol • • « 

1-00x10-10 


AFFINITY CONSTANTS OF WEAK ADKALIS (26®) 



K. 


1 

D Imethylamine 

5 0 X 10-* 

Ammonia • 

1-81 xlO-* 

Metbylamino 

4 0 X I0-* 

Aniline 

3-5xl0-w 

Trime tby lam ine 

6-6x10-* 

Carbamide [urea] 

l-5xl0-‘« 


Ionisation of Polybasic Acids. — When a polybasic acid is 
dissolved in water, the different acid hydrogen atoms do not 
undergo ionisation with equal readiness. Thus, when a 
dibasic acid, which may be represented generally by the 
formula HjA, is dissolved in water, ionisation takes place 
in stages or steps as represented by the equilibrium 
equations 

1 . 

2. +A'. 

When dealing with a weak dibasic acid, one may apply to 
each of these equilibria the law of mass action and so obtain 
the expr^sions 




Homed 


II 













322 INTRODUCTION TO PHYSICAL CHEMISTRY 

Each stage of the ionisation process, therefore, has its 
own dissociation or affinity constant, the ion HA' acting as 
a weak acid ; and the values of these affinity constants give 
a measure of the extent to which each stage of ionisation 
takes place at any given dilution. The smaller the value 
relatively to K^, the smaller will be the extent to which the 
second stage of ionisation occurs at any given dilution, or 
the greater must be the dilution of the solution before the 
second stage of ionisation becomes appreciable. Thus, a 
dibasic (or polybasic) acid may behave, so far as ionisation is 
concerned, as a monobasic acid, even when the dilution is 
considerable. 

The following numbere, giving the values of the molecular conductivity m 
( which, eince the acid behaves as a monobasic acid, is the same as the equivalent 
conductivity) of succinic acid, COOH.CHj^CH^.COOH, at 26®, will serve to 
illustrate this point : v is the dilution in litres. 


VS 

16 

64 

256 

1024 

2048 

U = 

li-40 

22-47 

43-50 

81-64 

109-5 

lOOas 

3-20 

6-32 

12-24 

22-95 

30-82 

JiTxlO^s 

6-62 

6-67 

6-68 

6-08 

6-71 


Since the affinity constant K is calculated according to the mass law 
equation for a monobasic acid, it follows that, up to a dilution of at least 
2048 litres, succinic acid ionises with production of only one hydrogen ion per 
molecule of the acid. 

Similarly, a tribasic acid, such as phosphoric acid, H 3 PO 4 , 
ionises in three stages ; 

1. HaPO^Z^H +HaPO/. 

2. HaPO/Z^H'+HPO/. 

3. HP04'':^H +P04'". 

It is to be noted that the ions H2PO4' and HPO4'' are to 
be regarded as weak acids. 

In the following table are given the values of the ionisation 
constants of a number of polybasic acids at 26® : — 


DIBASIC 

ACIDS 



A,. 

1 A-,. 

Oxalic acid, H 2 C ,04 

Maleic acid, • C 4 Ht 04 

Tartaric acid, . C 4 H 4 O 4 
Succinic acid, * C 4 H 4 O 4 
Carbonic acid, H^CO) 

Hydrogen sulphide, » 

3-8x10-* 

1-17x10-* 

l-3xl0-» 

6-65 X 10-‘ 
3-3x10-* 

9-1 xlO-* 

4-9x10-* 

2 - 6 x 10 -* 

9-7 xlO-* 

2-7 x 10-* 

6-0 X 10 -“ 
1 - 0 x 10 -“ 


The case of carbonic acid is diMerent irom uiat o. vuo 
considered here, inasmuch as the concentration of the free aoid, 
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is not known, but only that of the anhydride, CO,, 
eqnilibrium 

H,CO,^ZtCO, + H,0, 

and apply the law of mass action, we obtain 

CCQJx[H,0] ^ 

[H,C0,1 *• 


If we assume the 


In this equation the concentration of the water may be regarded aa constant, 
and wo may therefore incorporate it in the constant on the right-hand side 
and BO obtain 

[COJ y 

[H,CO,] *• 

Since th© concentration of H,CO, is always small compared with that of the 
free C0|» Kt « always large. Since the molecule HjCO, ionises, as has been 

stated, according to the equation +HCOj', we obtain 

[H.CO,) 

This represents the “ real or true ** dissociation constant of the acid HtCOs 
which is probably fairly large. The concentration of H^COa is, however* not 
known, but only the concentration of the anhydride CO^ which is practically 
equal to the total concentration of dissolved carbonic acid, the concentration 
of H|COt being very small compared with that of COf Since, as wo have seen 


we can write 


[COj 

(HjCOJ 


or [H^COJ — 


[COJ 

■ 


[H]x[HCO,T ^ .. [H>lxCHCO,T _Jr._,^ 
[H,CO,l [COJ -Kr * 


may be called the appartni dia$ociation couCanl, and it is this constant which 
can be experimentally determined. 


TRIBA51C ACmS 



K,. 



Phoapboric acid, HgP 04 

9xl0-» 

1-4x10-’ 

2-7 xlO-** 

Boric acid, H^BO^ « . . 

7 X 10-*« 

9 4 9 

4 © a 


Inflnence of Constitntion on the Strength of Adds.* — In the case of oiganio 
acids, it is found, the affinity co n stant or the strength of the acid dependa on 
the composition and constitution. In the case of the fatty acids the affinity 
constant decreases as one ascends the seriee ; that is, substitution of a hydrogen 
atom by CH, decreases the strength of the acid. Similarly, decrease of the 
affimty constant is brought about by substitution by -NH,. 

(to the other hand, substitution of hydrogen by halogens and by the groups 
-C,H„ -OH, -CJN, eto., increases the affiai^ constant. Moreover, sub- 
stitution by the atoms or groups, -CSH„ -Cl, -OH, -NO„ etc., in the nucleus 


» See Dippy, Chtm. Rtv., 1939, 26, 161. 
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of the aromatic acids, increases the strength of the acid, the effect beine greatest 
when substitution takes place in the ortho- position. The foUowine table is 
given in illustration : — ® 


INFLUENCE OF SUBSTITUTION ON THE AFFINITY CONSTANT 

OF ACIDS AT 23“ 



jr. 


E. 

Acetic acid 

1*81 X 10-» 

Benzoic acid 

6*2 X 10“* 

Phenylacetic acid 

5*45 X 10-* 

o-hydroxybenzoic acid . 

10 xl0“» 

Hydroxyacetic acid 

1*49 X 10-« 


8-54 X 10-* 

MoQOchloracetic acid 

1*52 X 10-» 

P* »* 9f • 

2-80 X 10“^ 

Cyanacetic acid 

3*65x10-3 

o- nitre benzoic acid 

6-4 X 10-» 


Strong Electrolytes. — ^The success with which the electro- 
lytic dissociation theory of Arrhenius explains the behaviour 
of weak or slightly ionised electrolytes in solution and the 
fact that, as will appear later, many phenomena, such as the 
hydrolysis of salts, the behaviour of indicators, the influence 
of one electrolyte on another, etc., can be treated quanti- 
tatively by applying the law of mass action to such systems, 
established the value of the theory in co-ordinating, in a 
rather remarkable manner, a wide range of quantitative 
relationships. It remained, however, until comparatively 
recent years, an increasingly felt weakness of the theory 
that it fails to give an equally satisfactory account of the 
behaviour of strong electrolytes, such as the ordinary salts 
and the mineral acids and alkalis. 

That the Ostwaid dilution law is not applicable to strong electrolytes is 
shown by the numbers in the following table, which refer to solutions of 
potassium chloride at 18“ =130*1). 



A. 



a 

A«,- 

(1 -«)!»• 

10 

112*0 

0*862 

0*541 

50 

120*0 

0*923 

0*222 

100 

122*4 

0*942 

0*154 

500 

126*3 

0*972 

0*0681 

1000 

127*3 

0*980 

0*0485 

5000 

128*8 

i 

0*991 

0*0223 


In 1907, Kohlrausch showed, as has already been pointed out {p. 229), 
that, in the case of dilute solutions of strong electrolytes, the variation of 
equivalent conductivity with concentration is expressed by the equation 
^ =An where A, is the equivalent conductivity of a solution contaming 

c %ram-equivalents per litre, and Ao the equivalent conductivity at mfinite 
dilution. This expression, also obtained empirically, shows that the equivalent 
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conductivity varies lineariy with the square root of the concentration, and is 
ob^ously not in harmony with the law of mass action. It remained without 

a basis in theory until the year 1923. . * . i 

According to the classical theory o( Arrhenius, the equivalent conductivity 
of a solution depends on the concentration of the ions and on their mobility. 
Since the latter was thought to be independent of the concentration, a view 
disproved by A. A. Noyes in 1902, the degree of io^tion, which governs 
the concentration of the ions, was assumed to be given by the expression 

The Ions, moreover, were regarded as having a random 
distribution and electrical attraction between the ions was neglected. 

As has already been pointed out (p. 166), modem views regarding atomic 
structure, the nature of valency and the existence of ions even in tbo crystalline 
state, have led to the theory of complete ionisation of salts in solution. In 
such solutions, however, the electrolyte may not behave as if it were completely 
ionised, that is, as if the ions were entirely free, owing to the existence of in/er- 
ionic forcts, and the deviations from the ideal state of complete independence 
of the ions will increase with the concentration of the solution.^ In such 
solutions, as S, R. Milner first showed,* there can be no random distribution 
of the ions owing to the coulomb forces (electrical attractions and repulsions) 
between the ions. Although ftlilncr was able to deduce a relation between the 
depression of the freezing* i>o in t of a solution of a strong electrolyte and the 
dilution, be failed to obtain a satiMactory expression for the electrical 
conductivity. Stimulated by the publication of an erroneous theory of 
conductivity put forward by the Induin chemist, Jnanendra C. Obosb, in 1918, 
P, Debye, now Professor of Physics, Cornell University, Ithaca, N.Y., took 
up the investigation of the problem and, along with bis assistant R. HQckel 
succeeded in calculating the eOect of ioterionic forces on the mobility of ions, 
and in obtaining an expression for the equivalent conductivity of a solution.* 


According to the theory of Debye and Hiiokel, as in the 
theory of Milner, there can be no random distribution of ions, 
for, owing to interionic forces, an ion will build up an 
“ atmosphere ” of ions of opposite sign. Moreover, W’hen an 
ion moves under the influence of an applied electromotive 
force the ionic atmosphere will be unsyrametrical, for the 
ion has to build up a new ionic atmosphere in front, w’hile 
the atmosphere behind the moving ion w'ill be dispersed. 
The dispersal of the ionic atmosphere, however, requires a 
certain amount of time (“ time of relaxation ”), and there 
will therefore always be, in the rear of a moving ion, an 
excess of ions of opposite sign w'hereby the mobility of the 
ion will be diminished. Moreover, regarding the electrifica- 
tion in the ionic atmosphere as continuous, the motion of, 
say, a positively charged reference ion will be retarded by 
the movement in the opposite direction of negative ions, the 
effect being that of a viscous electrical drag (electrophoretic 
effect). The total reduction of the mobility of an ion was 
found to be proportioTial to the square root of the concentration, 

» PkU. Mag., 1912, 23, 651 ; 1913, 25, 742. 

28 234 !^^^' ^ ’ ^ Soc., 1027. 
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and ^ by taking into account the factors influencing the 
mobility of an ion, Debye and Hiickel deduced an expression 
for the variation of the equivalent conductivity with the 
concentration. This expression, however, did not show 
entirely satisfactory agreement with, the experimental values. 
The Norwegian physicist, Lars Onsager, then pointed out, 
in 1926, that in calculating the effect of the unsymmetrical 
distribution of ions around a movipg ion, account must be 
taken of the Brownian movement of the ion.' Introducing 
the necessary correction into the Debye-Hiickel equation, 
Onsager obtained the expression for a 2 -valent binary 
eIectrol3die : 



0*986 X 10® 
{DT)i 


(2 - V2) • ^ • .] V^. 


In tills expression c is the concentration in gram- 
equivalents per litre, D is the dielectric constant, and 17 is 
the coefficient of viscosity of the solvent at the absolute 
temperature T. The equation is of the form A c=A ^ - k^/c, 
of the same form, that is, as the equation obtained empirically 
by Kohlrausch. By means of the Debye-Hiickel-Onsager 
equation, therefore, the change of the equivalent con- 
ductivity with dilution can be calculated in the case of a 
dilute solution of a strong electrolyte which undergoes 
complete ionisation. For solutions of a uni-univalent 
electrolyte in the undermentioned solvents at 25° c. the 
equation takes the following forms * ; — 


Water: 4 « = (0*228/1 69*8)Vc. 

Methyl alcohol : A c=A — (0*957/1 „ -I- 158*l)y'c. 
Ethyl alcohol : A c = A o - (1*256/1 « + 87*8)\/c- 


The values of the equivalent conductivity calculated by 
means of the above equation agree well with the experimental 
values in the case of dilute solutions of strong electrolytes in 
water and in methyl alcohol ; and the equation may be 
regarded as representing the behaviour of an electrolyte 
which undergoes complete ionisation. Deviations from the 
values calculated by this equation may be regarded as due 
to some form of ionic association, such as the formation of 
ionic doublets which simulate un-ionised molecules. The 


» Phyaikal. Z., 1926, 27, 388 ; 1927, 28, 277. 

• H Harlley, Reports of BtUish Associaiion^ 1931* 31. 
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extent to which this will occur will depend on the interionic 
forces, and these, in turn, will depend on the dielectric 
constant of the solvent. It will depend, also, on the extent 
to wliich the ions undergo solvation, i.e., on the chemical 
nature of the ions and of the solvent. In a complete theory 
of the behaviour of a strong electroljde, therefore, chemical 
as well as purely physical properties, must be taken into 
account. 

It may be pointed out that in the case of non-electro- 
valent strong electrolytes, e.g., hydrogen chloride, reversible 
e!ectrol)d>ic dissociation takes place, as in the case of weak 
electrolytes, but the properties of solutions of such electro- 
l^d>es are modified by the action of interionic forces. 

Activity Coefficient. — It was pointed out (p. 324) that, in 
the case of strong electrolytes, the Arrhenius coefficient 
a = AJA^ cannot be regarded as representing the degree of 
dissociation of the electrolyte, and consequently the effective 
concentration of an ion will not be represented by a . c 
where c is the concentration of the electrolyte. In the case 
of strong electrolytes, therefore, the concept of the degree of 
dissociation should be replaced by the concept of activity, due 
to G. N. Lewis (p. 286). If, in the case of a binary electrolyte, 
the activities of the cation and anion are represented by 
and a_, and the activity of the undissociated solute by o^, 
the equation for equilibrium is 

a* 

At infinite dilution the activity of each ion is put equal 
to its molality (or number of gram-molecules in 1000 g. of 
water), and this is known if complete dissociation is assumed. 
In the absence of information regarding the concentration 
of the undissociated electrolyte, it is convenient to choose 
the standard state so that K is unity, and therefore a+a_ =ag. 
At mfimte dilution, o+=a_ = 'y/a 2 , since this equality 
of the ion activities cannot be assumed at other concentra- 
tions, L ewis introduced the concept of mean ion activity, or 
“ Va+a_ =-v/®2- On dividing the mean ion activity by 

the molality, one obtains the expression which Lewis 

^lled the activity coefficient and represented by y. One has, 
therefore, , c, where c is the concentration in gram- 

molecules m 1000 g. of water. In order to find the effective 
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concentration of an ion, then, it is better to use the 
expression y . c instead of the expression a . c in the case 
of a strong electrolyte. A comparison of the values of y 
and of a is given in the following table, the solutions 
containing 0-01 gram-molecule of salt in 1000 g. of water : 



KCI. 

NaCl. 

KNOs. 

K*S0«. 

1 

y • . i 

0-922 

0-922 

0-916 

0*687 

a 

0-941 

1 

0-936 

0-935 

0-832 


It is seen that the values of a are in all cases greater 
than the values of y ; and the differences between the two 
sets of values become greater in more concentrated solutions. 
Although, at the above dilution, the values of y and a are 
not greatly different in the case of salts formed from two 
univalent ions, the values are markedly different in the case 
of salts of multivalent ions {e.g., K2SO4). 

In the following table are given the values of the activity 
coefficients of a few electrolytes at different dilutions : — 


Concentration in 
Gram- molecules 


Activity Coefficients. 


per luuu g. 
of Water. 

1 

HCl. 

NaCl. 

KCI. 

KOH. 

HjSO^. 

0*01 

0-924 

0-922 

0-922 

0*92 

i 0017 

1 

0-02 

0-894 

0-892 

0-892 

0-80 

0*519 

005 

0-860 

0-842 

0*840 

0-84 

0*307 

0*1 

0-814 

0-798 

0-794 

0*80 

0*313 

0-2 

0-783 

0-762 

0-749 

0-76 

0*244 


Determination of the Activity Coefflcienl.— The activity coefficient 
may be determined in various ways, e.g., from freezing-point and vapour 
pressure determinations and from measurements of the electromotive force of 
cells (Chap. XV.). In the case of strong uni-univalent electrolytes sodiuni 
chloride), in concentrations not exceeding 0*01 gram-molecule in 1000 g. of 

water. I.^vvi 3 has deduced the expression y = l - 3^1 where m is the 

concentration in gram -molecules per 1000 g. of water, 6 is the depre^ion of 
the freezing-point, and X is the molecular lowering of the^ freezing-point (per 
1000 c of solvent) at infinite dilution : X for water is 1*858^ 

In presence of other strong electrolytes, the activity coefficient of a strong 
electrolyte depends on the ionic strength of the solution ; and in dilute solutions 
the activity coefliciont of a given strong electrolyte is the same in all solutions 
of the same ionic strength. 
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Ionisation of Water. — It has already (p. 238) been pointed 
out that water is ionised to a slight extent into hydrogen ion 
and hydroxide ion, so that there exists the equilibrium 
HgO^^H'+OH'. To this equilibrium one may also apply 
the law of mass action and so obtain the expression ^ 

[H]x[OH-] _ 

[H,0] 

Since the concentration of the ions is very small, 
the concentration of the un-ionised water molecules 
may be regarded as constant [ = 1000/18 = 55*5 gram- 
molecules per litre]. One obtains, therefore, the relation 
[H‘] X [OH'] = constant = if„. That is to say, in water or 
any aqiieoiLS solution the product of the concentrations of 
hydrogen ion and hydroxide ion is constant. 

The concentration of hydrogen ion in water at 18°, as 
determined from conductivity measurements (p. 239), is 
0*8 X 10-’ gram-equivalent per litre : and since the con- 
centration of hydroxide ion must be the same, the product 
of concentrations is equal to about 0-64 x 10-‘*. This is the 
ionic product of water. 

The value of the ionic product of water can be determined 
also from the velocity of hydrolysis of methyl acetate, from 
the degree of hydrolysis of a salt of a weak acid, and from 
measurements of electromotive force {Chap. XV.). Its value 
at different temperatures is given in the following table ® : 


IONIC PRODUCT OP WATER 


Tempemture. 

K„ X 10*«. 

Temperature. 

K,c X 10“. 

ID® 

0*205 

36® 

2®14 

16® 

0-46 

37® 

2*46 

18® 

0-59 

40® 

3*02 

20® 

0*60 

CO® 

9-33 

25® 

1*02 

80® 

23*4 

30® 

1*48 

100® 

61*3 


exprision?“'‘‘°“ temperature is given by the 


log — 14*000 -0*0331(«° - 25) -(-0 00017(«° - 25) 


X 


1 ^ ion oxisU in solution as H.O- ions 

11 A 
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Heat of Ionisation of Water. — From the values of the ionisation constant 
of water at different temperatures one may calculate the heat of ionisation of 
water. Thus, applying the van’t Hoff isochore (p. 311), one obtains 




if, 4-677 



aad since Kxp is proportional to the ionisation constant,^ one may substitute 
Kw for K. From the values of Kw at 20® and at 26®, the heat of Ionisation 
is calculated to be 


9- 


4-577 X 293 x 298 x log„ 


= - 13,670 cal. 


The heat of combination of hydrogen and hydroxide ions to form water is 
therefore +13,570 cal. This agrees very well with the value derived from 
the beat of neutralisation of a strong acid by a strong base (p. 269}.* 


Equilibrium between Electrolytes with a Common Ion. — 
When the solutions of two electrolytes which have an ion in 
common are mixed, the dissociation of each electrolyte will 
in general be diminished. This follows, in fact, as a necessary 
consequence from the law of mass action. Only when the 
concentration of the common ion is the same can the solutions 
be mixed without the one electrolyte influencing the ionisation 
of the other. 

This conclusion can be deduced in the case of, say, two 
weak acids, to which the Ostwald dilution law can be applied. 
Thus, for two such acids one has 

and [H’jg X [A ']2 = .^ 2 [H-A] 2 - 

If the volume v of the first acid solution be mixed with 
volume v' of the second, and if it be assumed that no change 
of ionisation occurs, then the concentrations of the different 
ions and molecules will be 

V + v' ' v + v' ’ V + v' ' v + v' ' V + v' 


There must, therefore, exist the equilibrium, 

rH l.v + rH V' ..[A']it»_ ^ [HAliV 

■ — — — — ^ — — 7 # I 

■ jam* * Jtm I <«•' 


v + v 


V + V 


V +V 


or 


[H-ht> + [H-]g y' x[A'J,=A,[HA],. 

v + v' 


^ The ionisation constant is equal to A'ir/66-6. 

« W. F. K- Wynne-Jones, 3Van^. Faraday jSoc-, 1936, 32, 193 ' 
Hamer, J Amer. C/um. Soc., 1935, 65. 2194. 


Haraed and 
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In the solution of the first acid, however, there exists the 
equihbrium [H‘]i x[A']i=jrj[HA]i, and if no change in the 
degree of ionisation takes place, it follows that 

+ ^ j therefore [H-], = 

V + V «. t ji i. ji 


From this it is seen that if the ionisation of the one acid 
is not to be altered by addition of a solution of another acid, 
the concentration of the hydrogen ion in the two solutions 
must be the same. Such solutions are called isohydric 
solutions. 

At what concentrations, it may now be asked, will two 
acids be isohydric ? 

Let it be assumed that in the mixed solution is the 
concentration of the acid H Aj, and that is the concentration 
of the acid HA^ ; and let oj and be the degree of ionisation 
of the two acids. Then, applying the law of mass action, 
one has 


or 


For the first acid : 
’ [HAJ, 

1=1 

a, T?7 


or 


For the secoa i acid ; 
K 

• IHA], 

1 -l+IH) 


^ If, further, and Xg are the concentrations of the pure 
acids which are isohydric, then Xj and Xg must be such that 
the degree of ionisation is also oj and Og. Consequently, 




1 - 




®X‘ 


and 


- 1 - 


n- i , orxg = .^2. 

1-02 




2 


But it has already been found that A‘,=[H-'|.~L and 

K^ = [W\- , and therefore 

1 




= 1 . 

“a 



Similarly, 
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Therefore, 

[H-? 


and 


ar2 = [H'] + 




When, however, and are small, then 

LX. ,'2 




and therefore 


’ 

ar^ K^- 

One sees, therefore, that solutions of weak acids will be 
isohydric when the concentrations are inversely proportional 
to the dissociation constants. 

When non-isohydric solutions of acids of different strength 
are mixed the ionisation of the w'eaker acid is altered more 
than that of the stronger acid. 


The influence of one electrolyte on the ionisation of another electrolyte 
with a common ion can be well illustrated by the following two simple experi* 
men is. (1) When equal volumes of dilute solution (say n/ 300) of potassium 
thiocyanate and ferric chloride are mixed a distinct blood*red coloration is 
given, owing to the formation of xtn^^if/nUed ferric thiocyanate* If one now 
dissolves in the solution a little solid potassium thiocyanate, the concentration 
of the thiocyanate ions will be increased, and the colour of the solution will 
become deeper, owing to a decrease of the ionisation of the ferric tiuocyanate 
and the consequent increase of the concentration of un-ionised ferric thiocyanate. 
(2) The weak acid, p«nitrophenol, is colourless in the un-ionised state but yellow 
when ionised. When this substance is dissolved in water a pale yellow solution 
is obtained, owing to the presence of the yellow anion. If, however, a few drops 
of hydrochloric acid are added to the solution the colour disappears, showing 
that the ionisation of the p-nitrophenol has been diminished practically to 
zero by the increase in the concentration of hydrogen ions. 


The ionisation of a weak acid is diminished not only by 
the addition of a strong acid but also by the addition of a 
soluble salt of the acid. Thus the ionisation of acetic acid 
will be diminished by the addition of sodium acetate. Salts 
are, with very few exceptions, largely ionised in solution, and 
consequently, when sodium acetate is added to a solution of 
acetic acid the acetate ion concentration is increased ; and 

it follows that the reaction H‘+Ac' >-HAc must take 

place in order that the mass law equilibrium may be main- 
tained. By the aUdilion of one of its salts, therefore, the 
ionisation of a weak acid is diminished and the concentration 
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of hydrogen ion w reduced. Tliis fact is of very great practical 
importance. 

The effect of adding to the solution of a weak acid small 
amounts of a salt of tliat acid can be calculated approximately 
from the law of mass action. The dissociation equilibrium of 
the weak acid is given by the expression 

-[HA] 


Let the total concentration of the acid be Cj, and let the con- 
centration of the added salt be Co. Since the acid is a weak 
acid the concentration of the anion in the pure acid solution 
will be very small, and, as the ionisation is diminished by the 
salt, the concentration of the anion derived from the acid will, 
in the mixed solution, become negligibly small. The con- 
centration of the anion in the equilibrium mixture will there- 
fore be practically equal to the concentration of the anion 
from the salt ; that is, it will be equal to C 2 if it be assumed 
that the activity coefficient of the salt is unity. (In dilute 
solutions this assumption does not involve more than a 
relatively small error.) Moreover, since the ionisation of 
the weak acid in presence of the salt is very small, the con- 
centration of the un-ionised acid may be put equal to the 
total concentration of acid, that is, equal to Cj. One obtains, 
therefore, the important relationship 


[HA] *■ J [salt] 

From this it is seen that the concentration of hydrogen ion 
in the solution is regulated by the strength of the acid and 

by the ratio 

[salt] 

How great may be the diminution of the ionisation of a 

hydrogen ion concentration) by the 
add^ion of a salt of the acid is well illustrated by the effect 
ot addition of sodium acetate to a solution of acetic acid. In 
an N/8-solution of acetic acid the degree of ionisation is 0-0119. 

n m f hydrogen ion in this solution is therefor^ 
0 0119/8=0 0016 gram-equivalent per litre. If to this solu- 
tion one ad^ sodium acetate in amount equivalent to the 
acid (C 1 -C 2 ) the concentration of hydrogen ion becomes 
numencally equal to the affinity constant of the acid ; that 
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is, equal to 0-000018 gram-equivalent per litre, or equal to 
about of its original concentration. 

In the following table are given the- calculated values of 
the expression 

rH'i = ^ 

^ [salt] 

for solutions containing different proportions of acetic acid 
and sodium acetate : — 


Acetic Acid . 

[H-] 

ID Gram- 
equivalents 
per Litre. 

Acetic Acid . 

[H-] 

in Oram* 
equivalents 
per Litre. 

Sodium Acetate i 

Sodium Acetate 

16 : I 

2-88 X 10-* 

1 : 2 

0-90x10-* 

8: 1 

1-44 X 10-* 

1 : 4 

0-45x10-* 

4 : 1 

0-72 X 10-* 

1 : 8 

0-22 X 10-* 

2 : 1 

0-36xl0-< 

1 : 16 

0-11 xlO-* 

1 : 1 

1-81 X 10“» 

... 

# # e 


From the above table it will be seen that by varying the 
relative concentrations of acetic acid and sodium acetate 
the hydrogen ion concentration can be varied over a wide 
range. 

In deriving the above expression for the concentration of 
hydrogen ions it was assumed that the activity coefficient 
of sodium acetate is equal to unity. This, however, is 
not strictly true, and the hydrogen ion concentration will 
therefore vary somewhat with dilution, owing to change in 
the activity coefficient of the sodium acetate. The values 
of hydrogen ion concentration given in the table can there- 
fore be regarded as only appro.ximately correct. 

Just as the ionisation of a weak acid is diminished by the 
addition of a salt of the acid, so the ionisation of a weak 
alkali will be diminished by the addition of a salt of the 
base, e.g., addition of ammonium chloride to a solution of 
ammonium hydroxide ; and the relations which obtain here 
find mathematical expression in equations analogous to those 
derived for weak acids and their salts. Thus, we have 


[OH'] = 


K . [alkali] 
[salt] 




where K is the affinity constant of the alkali. The application 
of this equation is subject to the same limitations and 
restrictions as in the case of a weak acid. 
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Solubility Product of Electrolytes. — When a solid electro- 
lyte is shaken with water, solution of the solid will take place 
until, at a given temperature, the concentration of the 
solute attains a certain value, after wliich no more solid 
dissolves. The solution is then said to be saturated. Between 
the solid electrol3rte and the un-ionised molecules in the 
saturated solution equilibrium exists. If the concentration 
of the solute molecules is reduced below the saturation con- 
centration, more solid will dissolve ; if, on the other hand, 
the concentration of the solute molecules is increased, say, by 
evaporation of the solvent, some of the solute will crystallise 
out, and the saturation concentration will be again established. 

In the saturated solution of an electrol3d^, however, the 
molecules of the solute will also be in equilibrium \vith the 
ions into wliich they dissociate, so that, for a binary 
electrolyte, we have the equilibrium condition 


[Cation] x [anion] = . [un-ionised salt]. 

In a saturated solution the concentration of the un-ionised 
salt molecules is constant, at constant temperature, so that 
the, product of concentratums of the cation and anion must also 
be constant. This constant product is known as the solubility 
product.^ Whenever, in the case of a given electrolyte, the 
product of concentrations of its ions in a solution exceeds the 
solubility product, separation of the solute from solution will 
occur if supersaturation is supposed excluded ; but if the 
product of concentrations is less than the solubility product, 
a further quantity of the solute can pass into solution. 

The use of precipitation reactions in analytical chemistry 
for the purpose of classifying the different cations into groups 
depends on differences of solubility product. When, for 
example, one passes hydrogen sulphide into a solution of 
copper sulphate, copper sulphide is precipitated because the 
product of concentrations of sulplude ion, formed by the 
ionisation of hydrogen sulphide -hS"] and of copper 

solubiUty product of copper sulphide 
(1 X 10 ) hyen when the concentration of the sulphide 

0 ^“ hydrogen ion [acid], the 
solubihty product of copper sulphide is so small that precipita- 
tion still takes place. That is to say, copper sulphide is 

be ^ ooncentmUona must 

‘tiIT *PP™Pf“^^Pow©r. Thus, aUvor sulphate ionises into 2 Ae- 
and SO 4 . The solubility product will therefore be [Ag-]* x [SO "] ® 
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precipitated by hydrogen sulphide even from acid solution. 
Other metals of the second group of the analytical table 
behave similarly. If, however, hydrogen sulphide is passed 
into an acidified solution of a zinc salt, no sulphide is precipi- 
tated, because in the acid solution the concentration of 
sulphide ion is so low that even in a saturated solution of, 
say, zinc sulphate, the product of concentrations [Zn"] x [S"] 
is less than the solubility product of zinc sulphide (say, 
1 X 10-2®). If hydrogen sulphide is passed into a neutral 
solution of zinc sulphate, precipitation of zinc sulphide 
takes place, but only incompletely, because the hydrogen 
ions formed as a result of the reaction 

Zn" +H 2 S=ZnS + 2H‘ 

reduce the ionisation of the hydrogen sulphide, and the 
product of concentrations [Zn"] x [S"] no longer exceeds the 
solubility product. The concentration of hydrogen ion can 
be reduced and precipitation thereby rendered complete by 
addition of sodium acetate, the acetate ion combining with the 
hydrogen ion to form un-ionised acetic acid. 

Since cadmium sulphide is more soluble than the other 
sulphides of the second group, complete precipitation can 
be secured only if the concentration of hydrogen ion (acid 
concentration) is not too high and concentration of sulphide 
ion, therefore, not too low. 

In the case of the precipitation of hydroxides, also, it is 
found that, whereas ferric hydroxide, for example, is precipi- 
tated by ammonium hydroxide even in presence of ammonium 
chloride (which reduces the concentration of hydroxide ion), 
magnesium hydroxide is not precipitated in presence of 
ammonium chloride, owing to the reduction of the product 
of ion concentrations to below the solubility product. In 
absence of ammonium chloride, however, the solubility 
product is exceeded and precipitation takes place. 

The application of the law of mass action enables one also 
to explain why a weak or moderately weak acid may produce 
a precipitate from the solution of a salt of a weak but not 
of a strong acid. Thus, oxalic acid will precipitate calcium 
oxalate completely from a solution of calcium acetate but 
not from a solution of calcium nitrate or chloride. In the 
former case, one has the reaction 

CaA^2 + H2C2O4 = CaC204 + 2HA^ . 
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the concentrations of oxalate ions being sufficient to give a 


product 


[Ca-] X [CaO/]. 


which is greater than the solubility product. Moreover, the 
acetic acid which is formed is so slightly ionised that it do^ 
not appreciably alter the ionisation of the stronger oxalic 
acid. If, however, one adds oxalic acid to a solution of 
calcium nitrate, nitric acid is formed, and the increase of 
concentration of hydrogen ion thereby produced reduces the 
ionisation of the oxalic acid to such an extent that the 
• concentration of oxalate ions soon falls below that necessary 
to give the solubility product of calcium oxalate. The 
precipitation, therefore, is incomplete. 

As the converse of what has been said above, one has the 
rule that sparingly soluble salts of weak acids are soluble in 
strong acids, but not the sparingly soluble salts of strong 
acids. 

Similarly, in a solution of potassium chromate, one has 
the equilibrium 


004" + 2H-:^Cr20,'’ + HjO 


and if the concentration of hydrogen ions is not too great, 
the concentration of chromate ions will be sufficient to give 
a precipitate when the solution is added to the solution of 
a barium salt. When, however, the concentration of 
hydrogen ion is increased by the addition of, say, hydrochloric 
acid, the concentration of chromate ions is so greatly dimin- 
ished that no precipitate is given. It is for this reason that 
in group 4 of the anal 3 rtical tables, barium carbonate is 
dissolved in acetic, not in hydrochloric, acid before carrying 
out the test with potassium chromate. 

In the preceding paragraphs the application of the 
concept of solubility product in analytical chemistry has 
been discussed in a qualitative manner : a more quantitative 
treatment may now be undertaken. 

Since the solubility of an electrolyte depends on its 
solubility product it is clear that the solubility will be lowered 
by addition to the solution of another electrolyte with a 
common ion. Thus, in a saturated solution of silver acetate. 
CHg.COOAg, we have 


[Ag‘] x[CH3.COO'] = constant, 
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and if the concentration of, say, the acetate ion is increased 
by addition of sodium acetate, the concentration of sUver 
ion must be correspondingly diminished. That is to say 
silver acetate -will separate out in the solid state, or the 
solubility of the silver acetate will be lowered. Addition of 
silver nitrate (Ag ) will similarly lower the solubility of silver 
acetate.* The following numbers make this clear : 


SOLUBILITY OF SILVER ACETATE AT 25“ 


Concentration of 
Sodium Acetate 
(Gram-molecule 
per Litre). 

Solubility of 
SUver Acetate 
(Gram- molecule 
per Litre). 

Concentration of 
SUver Nitrate 
(Gram-molecule 
per Litre). 

Solubility of 
SUver Acetate 
( G ram • moloc uJe 
per Litre). 


i 0-0660 

9 ^ 

0*0600 

0-0654 

0-0433 

0-0327 

0*0535 

0-262 

0 0243 

0-0654 

0*0444 

0-652 

00167 

0-1307 

0*0334 


Tho influence of one electrolyte on the ftolubiilty of another electrolyte 
with a common ion i6 well demonstrated by passing hydrogen chloride into a 
saturated solution of sodium chloride. Solid sodium chloride crystallises out. 
Similarly, barium nitrate is precipitated from its saturated solution on 
addition of concentrated nitric acid. Here the solutions are so concentrated 
that the effect cannot simply be explained by the principle of the solubility 
product. 

Quantitative account of the influence of an electrol 3 d>e on 
the solubility of another electrolyte with a common ion can 
be taken in certain cases. Thus, in the case of a sparingly 
soluble binary salt, e.^., silver chloride, the saturated solution 
is so dilute that the concentration of the ions may be assumed 
to be equal to the concentration of the salt (complete ionisa- 
tion). If jSy represents the solubility of the salt or the 
concentration of the cation and of the anion in a pure 
saturated solution, then jS'o* = A^, =solubility product. If a 
saturated solution of the salt be now prepared, not in pure 
water but in a solution of an electrolyte containing a common 
ion, the concentration of which is x, the new ionic equilibrium 
will be given by the expression S{S +x) = K, = Sq^, where 
S is the solubility in a solution of an electrolyte with a 
common ion. This expression can be made more exact, 
according to the classical theory of electrolytes, by correcting 
the concentrations for the degree of ionisation of the salts. 

* A. A. Noyes, Z, phy^ikal. CAem., 1890, 6, 241. 
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In this way one obtains,* aS{aS + aiX) = {aQSQ)^, and the 
value of S is given by the expression 



This expression, however, based on the older theory of 
electrolytic solutions, holds only approximately or not at all 
in the case of moderately soluble salts, and when more than 
slight additions of a foreign salt are made, because strong 
electrol5^tes do not behave in accordance with the law of 
mass action, and the effect of interionic attraction cannot 
be neglected. 

It has already been pointed out that the law of mass 
action can be applied to strong electrolytes if, in place of 
ordinary concentrations, one uses activities, the activity 
being equal to the concentration multiplied by the activity 
coefficient. Moreover, in the case of strong electrolytes, 
modem theory shows that the activity coefficient depends 
on the charge on the ions and on the ionic strength of 
the solution, the logarithm of the activity coefficient being 
proportional to the product of the charges on the ions 
and to the square root of the ionic strength. That is, 
log y = K . • y/ In the case of a saturated solution of 

an electrolyte in pure water and in a solution of a foreign 
salt, the mean activity of the undissociated solute, Og, and 
therefore also the mean ionic activity, will be the 
same in the two solutions, since the solute molecules are in 
equilibrium with the solid electrolyte. If the mean ionic 
molality in pure water and in the solution of a foreign salt is 
represented by and m, respectively, it follows that, since 
y = = y • Consequently, log m/wg = log yjy = 

constant x (-y/ where /ig and ft are the ionic strengths 
in pure water and in the solution containing a foreign electro- 
From this it is seen that if /x is increased by addition 
electrolyte, m will increase relatively to wig. 
That is, the solubility of the salt will increase. Moreover, 
y depends on the valency of the ions, the enhancing 
effect of an electrolyte on the solubility of a salt is all the 
greater the higher the valency of the ions. 

On the other hand, when the foreign salt contains an ion 
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in common with the solute the solubility tends to be 
^miiiished in accordance with the law of mass action ; and 
in general this effect is greater than the enhancing effect 
due to increase of ionic strength. Thus the solubility of 
thallium chloride is reduced by addition of potassium chloride 
and of thallous nitrate, but is increased by potassium nitrate 
and still more by potassium sulphate.^ This behaviour is. 
however, not always found, and the enhancing effect of ionic 
strength may more than balance the common ion effect. 
Thus the solubility of barium nitrate is increased by the 
presence of barium hydroxide, and the solubility of barium 
hydroxide is increased by addition of barium nitrate. 

In considering the effect of a salt on the solubility of 
another salt with a common ion, it was assumed that no 
chemical action takes place. When, however, chemical 
action occurs, addition of an electrolyte may also increase 
the solubility of a salt with a common ion. Thus, when 
excess of potassium cyanide is added to a solution of silver 
nitrate, the precipitate of sparingly soluble silver cyanide 
redissolves owing to the formation of the complex ion 
Ag(CN) 3 ". One has, then, the equilibria 

AgCN:^AgCN + 2CN':^^LAg(CN)3\ 

Solid. In solution. 

By the addition of cyanide ions the concentration of 
silver cyanide molecules in solution is reduced by combina- 
tion to form complex ions. The first equilibrium, there- 
fore, is disturbed, and more silver cyanide must pass into 
solution. 

Mixtures of Electrolytes with no Ion in Common. — In the 
case of two strong electrolytes, e.g., NaCl and KBr, no 
change in the ionisation of either will be brought about on 
mixing their solutions, provided the solutions are sufficiently 
dilute, because both these salts and the salts which could be 
formed from them by double decomposition are highly 
ionised, and in moderately dilute solution the ionisation may 
be regarded as complete. Very different, however, is the 
result when there are produced in the mixed solution the 
ions of a weak acid or weak alkali or, generally, of a slightly 
ionised electrolyte. In this case very marked and important 
changes in the degree of ionisation may occur. Thus, when 

* Bray and Winningboff, J . Amtr, Chem. Soc., 1911. 33, 1603 ; Randall and 
Cbangt ibid,, 1928, 60* 1535. 
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a solution of sodium acetate is added to a solution of 
chloric acid, there are brought together the ions Na , Ac , U 
and Cl'. The ions H’ and Ac' are, however, the ions of a 

• [H‘] X [Ac ] . 

weak acid, and since, for this acid, tlie ratio 

small (1*8 X 10“®), it follows that the greater part of the 
hydrogen ions and the acetate ions will combine to form 
im-ionised acetic acid ; and the concentration of hydrogen 
ions in the solution will be greatly diminished. The ions 
Na- and a', being the ions of a strong electrolyte, do not 
combine but remain free in solution. One sees, therefore, 
that when the salt of a weak acid, e.ff., sodium acetate or 
sodium borate, is added to an acid solution, the concentration 
of hydrogen ions can be greatly diminished ; and the 
diminution will be all the greater the weaker the acid from 
which the added salt is formed. 

An approximAt^ calculation ot tho effect of adding a solution of sodium 
acetate to a solution of, say, hydrochloric acid can readily be made. If one 
mixes together equal volumes of k/ 8 solutions of sodium acetate and hydrochloric 
acid the resulting mixture would be N/16 with respect to hydrogen ions and 
also with respect to acetate ions, if no reaction took place between the ioM 
and if complete ionisation of the sodium acetate and hydrochloric acid is 
assumed. In an k/IO solution of acetic acid, however, the degree of ionisation 
b 0*0167, and the concentmtion of hydrogen ions in such a solution is therefore 

only s0*0Q104 gram-equivalent per litre. In the mixed solution, 

therefore, the concentration of hydrogen ion, instead of being K/10 =0*0625 
gram* equivalent per litre, will only be 0*00104 normal. If excess of sodium 
acetate is added, the hydrogen ion concentration will, as we have seen, be much 
less. 

The diminution of the hydrogen ion concentration is clearly iUustrated by 
the following experiment. A solution of ferrous ammonium sulphate is slightly 
acidified with hydrochloric acid, and then saturated with hydrogen sulphide. 
No precipitate of ferrous sulphide is obtained. If, now, solid sodium acetate 
is added to the solution, the concentration of hydrogen ions is reduced and a 
precipitate is formed. 


In like manner the concentration of hydroxide ions can 
be diminished by the addition of the salt of a weak alkali, 
by ammonium chloride. 

Hydrolysis ol Salts. — ^The fact that water is ionised into 
H’ and OH' is of great importance, because it gives rise to 
the possibility of interaction between these ions and the ions 
of a dissolved salt. Thus, for example, it is found that when 
sodium carbonate, sodium borate, or potassium cyanide is 
dissolved in water the solution does not have a neutral but 
an alkaline reaction ; that is, the concentration of OH' is 
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greater than in pure water, or greater than, say, 1 x 10'’ 
gram-equivalent per litre. 

This behaviour will be readily understood from a con- 
sideration of the case of potassium cyanide. When this salt 
is dissolved in water it undergoes ionisation into K’ and CN'. 
In the solution, however, there are also present, although 
in small amount, H’ and OH', due to the ionisation of the 
water ; and since hydrocyanic acid, HCN, is a very weak acid, 
combination takes place between the CN' and the H* to form* 
un-ionised HCN, and this process goes on until the very 
small product of concentrations of H* and CN', corresponding 
to the equilibrium 


[ H-3x[CN'] 

[HCN] 


= 1-32 X 10-®, 


is established. The process which takes place here and which 
consists in the production of free acid and free alkali by the 
interaction of the ions of water with the ions of the salt, is 
known as hydrolysis or hydrolytic dissociation. In the case 
under consideration the process can be represented by the 
equation 

K* +CN' -i-H'OH'=HCN -J-K* -h OH'. 


We see, therefore, that hydrogen ions are removed from 
the solution to form un-ionised hydrocyanic acid, and the 
solution acquires an alkaline reaction owing to the presence 
of free hydroxide ions. (Potassium hydroxide is a strong 
alkali, and therefore the ions K‘ and OH' can exist free in 
presence of each other.) 

The behaviour shown by potassium cyanide is shown also 
by other salts formed from a strong base and a weak acid. 
In all such cases the aqueous solution of the salt will exhibit 
an alkaline reaction. Similarly, the aqueous solutions of all 
salts formed from a weak base and strong acid {e.g., urea 
hydrochloride) will show an acid reaction, owing to the 
combination of the hydroxide ions of the water with the 
cation of the salt, and the consequent production of free 
hydrogen ions in the solution.* 

The extent to w’hich hydrolysis takes place depends on the 
strength of the weak acid, or weak base, from which the 
salt is formed. The general solution of the problem is 
somewhat complicated, and we shall consider here the case 

* Hydrolysis may be greatly increased when the acid or base is sparingly 
soluble. This is found in the case of ferric chloride. 
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where hydrolysis takes place to only a moderate extent, say, 
about 1 per cent., as in the case of potassium cyanide. 

The hydrolytic equilibrium is given by the equation 

salt 4- water^base + acid, 

and since the concentration of the water can be regarded as 
constant, one obtains the expression 

[base] X [acid] = = hydrolysis constant, 

[unhydrolysed salt] 

If X be the degree of hydrolysis or the fractional amount 
of salt hydrolysed, and if c be the total concentration of salt, 
then, when hydrolytic equilibrium has been established, the 
concentration of the free base and free acid will be a: . c, and 
the concentration of the unhydrolysed salt will be (1 -x)c. 
Inserting these values in the above equation, therefore, one 

Since the base formed by hydrolysis 


obtains 


x^c 


=Ks. 


If, then, the concentration of OH' 


(1-x) 

is, by assumption, a strong base, it may, with a small error, 
be regarded as being completely ionised,^ and the degree 
of hydrolysis x will therefore be given by the ratio 
[OH'] _ [OH'] 

[total salt] c 
be determined by its catalytic influence (p. 488), or by any 
of the methods to be discussed later, the degree of hydrolysis 
and the hydrolysis constant can be calculated. 

A relationsMp can also be derived between the hydrolysis 
constant, the ionic product of water, and the affinity constant 
of the weak acid. For the ionic product of water we have 


= [H*] X [OH^] , and therefore [H‘] = 


K 


K 


to 


Further, 


[GHT X , c 

for the weak acid we have The concentra- 

tion of the hydrogen ion is given by the preceding equation ; 
the concentration of the anion may be put equal to the 
concentration of the unhydrolysed salt, because the amount 
of anion furnished by the acid will be practically negUgible, 
[A ] = (1 — a?)c ; and the concentration of the un-ionised 
HA may, on account of the small degree of ionisation, be 

^ multiplied by the activity cooffioiente 
mven on page M 3 . U the activity coefficients of the salt and base are equal 
tboy will cancel oat. ^ 
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taken as equal to the free acid, i.e., [HA]=ar . c. Inserting 
these different values, therefore, we obtain 


K 


W 


K.= 


Hence, 


[H‘] X [A']_a; . c 
[HA] 

•2 ^ 


X (1 — x)c 


= K 


X 


W 


1 — X* 
X^C 


X- 


K. 


^ jr 

{l-x) K' 


If, therefore, and are known, one can calculate the 
degree of hydrolysis x by means of the equation 


X = 


Zl ^ 

2c ' K 


+ 


• (f-:) 


2 1 K 

' K 


\0 


When the degree of hydrolysis x is small, so that (1 — ar) 
may be taken as equal to unity, that is, when is large 
compared with the expression for the degree of hydrolysis 
X simplifies to 


A 

^=v-c-K-: 


From this it is seen that the degree of hydrolysis is pro- 
portional to the square root of the dilution, and since 

x = one obtains the expression 


[OH-] = 

•A. a 

where c represents the total concentration of salt. 

From the equations which have just been obtained it is 
clear that the degree of hydrolysis is inversely proportional 
to SO that the smaller the value of K^, or the weaker 

the acid, the greater will be the degree of hydrolysis. 

Further, since the value of K^o increases fairly rapidly 
with rise of temperature, whereas the value of remains 
nearly constant, it follows that the degree of hydrolysis will 
increase rapidly with rise of temperature. This fact can be 
clearly demonstrated by heating a dilute, nearly colourless 
solution of ferric chloride, when the liquid will acquire a 
deep reddish-brown colour owing to the production of ferric 

hydroxide by hydrolysis. , , , , . 

The relation which has been established between the 
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degree of hydrolysis, and K^, makes it possible to calculate 
the value of any one of these factors (e.j., KJ) if the values of 
the other two are known. Thus, it was found by J . Shields 
(1893) that the degree of hydrolysis (x) of sodium acetate in 
N/lO-solution at 25° is 0-00008. Since for acetic acid is 
1-81 X 10“®, the calculated value of is 



(1 -x)v 


= 1-81 X 10-® 


(0-00008)* 

(1 -0-00008) X 10 


= 1-81 X 10-* X 6-4 X 10-^0 = 1-16 x 10“^*. 


For the hydrolysis of a salt of a weak base and a strong 
acid, formulce analogous to those given above will be obtained, 
but Kf,, the affinity constant of the base, will take the place 
of Kay the affinity con stant o f the acid, and one will have 

and [H] =aJ c . As an example of this type of 

A(, Aft 

hydrolysis, the hydrochloride of urea may be taken. 

When one is dealing with the hydrolysis of a salt of a 
weak acid and a weak base it can be assumed that the 
ionisation of the acid and of the base, formed as the result of 
hydrolysis BA-fHaO^^HA + BOH, is very small. If x is the 
fraction of the salt hydrolysed, then (1 — x)c is the concentra- 
tion of the unhydrolysed salt, which we shall assume to 
be completely ionised. Therefore, 


[A']=(l-x)c = [B-] 
and [HA]=x.c = [BOH]. 

One has also the following equilibrium equations : — 

a:«,=[H]x[oh'], 

IT _[H ]xfA'l_ru.n (l-a:)c 
“ [HA] - - » 


X . c 


and 


/r. ^ [OH — x)c 

" [BOH] . 


X . c 


from which it follows that . K^=K^ . 
and consequently, 


X 


8 


[acid] X [base] 


K 


W 


(1-x)^ [unhydrolysed salt]* 

From this expression it is clear that x, the degree of hydrolysis , 
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is independent of the dilution, as is shown by the numbers 
in the following table (Arrhenius, 1898).* 

DEGREE OF HYDROLYSIS OF ANILINE ACETATE 

AT 25'=’ 


Dilution in 
Litres (t;). 

.r. 

Dilution in 
Litres (t>). 

X, 

12-5 

0-546 

200 

0-556 

25 0 

0-558 

400 

0-554 

50 0 

0-564 

SCO 

0-569 

100-0 

0-551 

• 99 



From the equilibrium equations given above, it is seen that 

A'^ = [H ] ■ and therefore [H ] = A-„ . 

X 1 —X ^ Aj, 

= constant. Similarly, [OH'] = constant. In solutions of a 
salt of a weak acid and a weak base the concentrations of 
hydrogen and of hydroxide ion are cooistant at all dilutions.^ 
Moreover, if K^^=Ki^y i.e., if the affinity constant of the acid 
is the same as the affinity constant of the base, the concentra- 
tion of hydrogen ion will be equal to the concentration of 
the hydroxide ion. No matter, therefore, how great may be 
the degree of hydrolysis, the solution will exhibit no acid 
or alkaline reaction. This is found in the case of solutions of 
ammonium acetate. 

Determination ot the Degree of Hydrolysis. — It has already 
been pointed out that a definite relation exists between the 
degree of hydrolysis of a salt, the ionic product of water, and 
the affinity constant of the weak base or weak acid from which 
the salt is formed. Consequently, if one knows the values 
of K^, Ka, and the degree of hydrolysis can be calculated. 

Besides this indirect method there are also several more 
direct experimental methods, by means of which the degree 
of hydrolysis of a salt can be obtained. 

1* DisiTibtLtiofi between Two N on^^tfiiscible Solvents 
method will be discussed in Chap. XX. 

2. Electrical Conductivity, — The conductance of s^n 
aqueous solution of the salt of a weak base amUne 


» This is not strictlj true, as it has been assumed that the activity coefficient 

‘SSt'ions slight deviations from coMtancy to 

the ionisation consUnta of acid and base are different. (See Griffith. T 
Faraday Soc,, 1922, 17. 626.) 
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hydrochloride), or of a weak acid, is due partly to the ions 
of the unhydrolysed salt and partly to the ions (more 
especially the hydrogen ion or h 3 'droxide ion), of the acid 
or base formed by hydrolj'sis, as indicated in the case, 
for example, of aniline hydrochloride, by the two equilibria 

C,Hj . NH,a:^C*H, . NH +«' 

it©© 

C.Hs. NH, + H- + C!' 

If a quantity of the weak base (or acid) which, in the 
presence of its salt, can be regarded as completely un-ionised, 
is added to the solution, the hydrolysis of the salt will be 
diminished (reaction 2) but the ionisation (reaction 1) will 
be unaffected. From measurements of the conductivity of 
pure solutions of the salt (in which, therefore, hydrolysis 
occurs) and of solutions containing excess of the weak base 
(or weak acid), the degree of hydrolysis can be calculated.^ 


li one considers here only the Btcnplest case, that of, say, a strong monobaaic 
acid with a weak monoacid base, the hydrolytic equilibrium in dilute eolution 
U giyen by the expresaion 




(1 -ar)v 


where v is the volume in litres containing 1 gram-moleoule of salt and z is the 
degree of hydrolysis. The amount of unhydrolysed salt is represented by 
(1 — x) and the amount of the free acid by x. For the equivalent conductivity 
Ap of the solution of hydrolysed salt, therefore, one 


Ap={l^x)A\+x.A\ 

where A'^ and are the equivalent conductivities at the dilution v litres of 
the unbydrolysed salt and of the strong acid respectively. The former, as has 
been stated, can be calculated from determinations of the conductance of the 
salt solution in presence of excess of the weak base. The degree of hydrolysis 
of the salt at tho given dilution is then given by the expreasion 

Ap — At, 


XSB 




In the case of a solution of 1 gram-molecule of aniline hydrochloride in 1024 
Utres, it was found that, at 26®, = 144 0 and A' = 103-3 ; A” for hydrochloric 

acid is 383. One finds, therefore, ' 


»= 


144 0-103-3 40-7 


383-103-3 279-7 


=014. 


Under the abo^ conditions aniline hydrochloride is hydrolysed to the extent 
*^ 4 ?®** CJomparison with the value given in the table on page 349 shows 
that the hydrolysis increases greatly with dilution. 

‘ a. Brodig, Z. physi^. 1894, 13, 321 ; A. A. Noyes, Y. Kato. and 

It. u. hosman, J. Amer. Ohm. 5oc., 1910, 169. 
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3. Determinxition of Concentration of Hydrogen Ion or 
Hydroxide Ion. — Since, as has been pointed out, the degree 

of hydrolysis x is given by the expression a;= \ or by 

c 

rTT.-i 

x= one may calculate the value of x if the concentration 

c 

of hydroxide ion or of hydrogen ion is known. The concentra- 
tion of these ions can be determined by measurements of 
electromotive force (Chap. XV), by means of indicators 
(p. 355), or by measurements of the velocity of inversion of 
cane sugar, hydrolysis of an ester, decomposition of ethyl 
diazoacetate, etc.' 


Thus the degree of hydrolysis of urea hydrochloride was determined by 
J. Walker and J. K. Wood ^ from determinations of the velocity of inversion 
of cane sugar and of the hydrolysis of methyl acetate. 

Since the degree of hydrolysis is given by the ratio of the concentration 
of free acid present in the solution of the partially hydrolysed salt to that which 
would be present if the salt were completely hydrolysed^ and since the latter 
is measured by the velocity coefficient in the pure acid solution* and the 
former by the velocity coefficient obtained after the addition of an equivalent 

/• 

amount of urea, it follows that 

Since the velocity coefficient is not strictly proportional to the concentration 
of free acid present* and may also be affected by the neutral salt* an approximate 
determination of the degree of hydrolysis is first made. In the case of k/ 2 
solution at 25^* z was found to be approximately 0*65 A solution of hydro* 
chloric acid and sodium chloride was then prepared so that it was k/2 with 
respect to total chloride* but contained only 65 per cent, of this as free acid. 
The velocity coefficient obtained with this solution was then compared with 
that obtained with the solution of urea hydrochloride. In an actual experiment 
was found to be 0 001021 and X*, to be 0 001081. The degree of hydrolysis 

^ . 0*65 X 1081 ^ 

X, therefore* is =0*688. 

From the value of x, the hydrolysis constant Kn is calculated to be 

xs 0 - 688 * 




= 0-759. 


(1 -x)o (1 -0-688) x2 
Further, on calculating the affinity constant of urea at 25° from the relation 
K^^K^lK^, one obtains 




1-02 X 10-‘* 

0-769 


= l-35xl0-‘«. 


Measurements of the velocity of decomposition of ethyl diazoacetate, whi^ 
is catalytically acclerated by hydrogen ion,* have been employed by b. 
Spitalsky* for the determination of the hydrolysis of potassium dichromate : 


Cr,0; + H^O:^2CrO; -I- 2H-. 


I See H. Jorgensen, Die Bestimmungen der W aaseratoSvonenkonzentration 
und deren Bedeulung filr Technik und Landwirteckafl. 

* J. Chem. Soc., 1903, 83, 484. 

’ G. Bredig and W. Fraonkel, Z. Elektrochem.. 1905, 11, 62o. 

^ Z. anorgan, Chem.^ 1907* 64* 265. 
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4. Depression of the Freezing-point . — ^The degree of 
hydrolysis may also be calculated from determinations of 
the depression of the freezing-point. ^ 

5. Measurements of Electromotive Force . — ^Tliis method will 
be discussed in Chap. XV. 

The following table indicates the extent to which several 
well-known salts undergo hydrolysis in aqueous solution at 
25®. The concentration of the solutions is in all cases n/10. 


HYDROLYSIS OP SALTS 



Degree of Hydrolysis. 

Sodium acetate . 

0*008 per cent. 

Sodium borate (bora:c) 

0-5 

Potassium cyaoide 

112 

Aniline bydrochloride • 

10 

Sodium carbonate « 

317 

Aniline acetate (n/30*3) 

51-3 


Amphoteric Electrolytes. — The term amphoteric electro- 
lyte has been applied to substances which can act both as 
acids and as bases ; that is to substances which, according 
to the older view, can give rise both to hydrogen ion and to 
hydroxide ion. According to modem views regarding acids 
and bases (p. 488), an amphoteric electrolyte is a substance 
which can act both as a proton donor and as a proton acceptor. 

Although the term may be applied to water and to certain 
metal hydroxides, e.g., aluminium hydroxide, the most 
important amphoteric electrolytes are the amino-acids, the 
molecules of which possess two different centres of acidity 
and basicity. Thus, in the case of aqueous solutions of 
amino-acetic acid NHg.CHg.COOH, one may have the 
reactions 


nh2.ch2.cooh:^nh8.ch2.coo' -t h 


and NHa.CHg.COOH -t mOH 


Aimno-acetic acid, therefore, may yield both a cation and an 
anion. Besides these forms, one can also expect the formation 
of the “ salt ” form, NHs.CHa.COO', a so-called “ herma- 
phrodite ion ” or dipolar ion * wliich, although it carries 
electric charges, is a non-conductor.® This may be regarded 


See J. B. Qoobel, Z. phyaikal. Chem., 1014. 89. 
Ingold, Chem. Rev., 1934, 16, 226 
N. Bjomim, Z. phynlxU. Chem., 1022, 104, 


147 . 
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as formed by the combination of NHg.CHa.COO' with the 
proton yielded by the amino-acetic acid. 

It w'ill be clear that since an amphoteric electrolyte can 
act both as an acid and as a base, it wdll have an acid 
ionisation constant as well as a basic ionisation 

constant Kj,. In the case of amino-acetic acid, for example, 
according to the theory of amphoteric electrolytes put 
foi^vard by J. Walker,* ii:,, = [H-][X']/[X], where X' is the 
ion, NHj.CHg.COO' or NH3OH.CH2.COO', and X is NH.^. 
CHg.COOH; and A,=[X-][OH']/[X] or = [X-]/[X][H-] 

where X' is the cation NH3.CH2.COOH. The constants Ka 
and Ab have been calculated from determinations of the 
degree of hydrolysis of the compounds of the amphoteric 
electrolyte with strong acids and wdth strong bases, and from 
measurements of the conductivity of salts of the amphoteric 
electrolytes.® 

According to the theory put forward by Bjerrum,® however, 
Ka refers not to the equilibrium NH 2 .CH 2 .COOH ~~^ NHg. 
CHg.COO' -l-H*, but to the dissociation of the NHj group, 
that is, to the equilibrium 

NH3.CH2.COOH:^NH2.CH2.COOH-hH* ; 

and Aj, has reference to the basic ion NH 2 .CH 2 .COO'. While 
Walker, therefore, w’as of opinion that the ion NHg.CHg.COO' 
unites with H’ to form NHa-CHg-COOH, Bjerrum’s view is 
that it forms NHg.CHg COO' ; and while Walker assumed 
that NH3.CH2.COOH dissociates to give NH2.CH2.COOH, 
Bjerrum assumes that dissociation takes place with produc- 
tion of NH3.CH2.COO'. Support for Bjerrum’s view is 
obtained from a consideration of the following facts. If, in 
the case of amino-acetic acid K^, with the value 3*4 x 10 
referred to the yielding up of H' by the carboxyl group, the 
value ought to be comparable with that for acetic acid 1'8 x 
10“®, whereas, on Bjerrum’s view, it ought to be comparable 
with the constant for the equilibrium NHg.CHa,^ — CH 3 .NH 2 
4 -H- which is equal to 2x10-“. That the value in the 
case of glycine is somewhat greater may be attributed to 
the influence of the - COO' group. Again, if one accepts 


1906. 54;?32; J. Walkir.V Chem. Sac., 1903, 83, 182; J. K. Wood. 

rtid., 1906, 89, 1839. 

• Z, physikal. Chetn,^ 1923» 104^ 162. 
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Walker’s interpretation of Kt,, the value, in the case of 
glycine, namely, 2-4 x 10“^*, should be comparable with the 
value for methylamine, namely, 5 x 10“^, whereas, according 
to Bjemim’s view, it should be comparable wdth the value for 
the basic function of the acetate ion J?j,=5-5 x The 

smaller value in the case of glycine may reasonably be 
attributed to the presence of the positively charged NHj. 
group. It will be seen that the above comparison favours 
the views of Bjerrum. 

It may be pointed out that if Ka = Kb, the activity of 
hydrogen ion will be equal to the activity of hydroxide ion, 
and the solution will have a neutral reaction. 

Hydrogen Ion Exponent. — In the preceding pages the 
concentrations of hydrogen ion have been expressed in terms 
of normality or of gram-equivalents per litre. Following, 
however, a usage introduced by the Danish biochemist, 
S. P. L. Sorensen, hydrogen ion concentrations are now very 
frequently expressed in terms of what is called the hydrogen 
ion exponent, a number obtained by giving a positive value 
to the negative power of 10 in the expression, 1 x 10“'* 
normal. This hydrogen ion exponent was originally repre- 
sented by the symbol ; but, for typographical reasons, 
the symbol is most suitably written 

This method of expressing the concentration of hydrogen 
ion in a solution has the advantage that all degrees of acidity 
or alkalinity, from that of a solution containing 1 gram- 
equivalent of hydrogen ion per litre to that of a solution 
containing 1 gram-equivalent of hydroxide ion per litre, can 
be expressed by a series of positive numbers from 0 to 14 
instead of by the more cumbersome expressions of the 
form 1 X 10-” normal. Thus the concentration of 1 gram- 
eqmvalent of hydrogen ion per litre, which, when expressed 
m terms of normality, can be written [H ] = l x 10“®, can be 
more simply represented as pH=0.® Similarly, for pure 
water in which the concentration of hydrogen ion is 1 x 
normal, the pH value is 7, the negative index of 10 being 
e^r^ed as a positive number. The expression pH = 7 
therefore, represents water-neutraUty, and aU solutions which 
contam a higher concentration of hydrogen ions than water 
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(acid solutions) will have pH values less than 7. A change 
of 1 pH unit corresponds to a tenfold change in hydrogen 
ion concentration. 

Similarly, for a solution containing 1 gram-equivalent 
of hydroxide ion per litre, we have [OH'] = lxlO“® 
normal. In water or in any aqueous solution, how- 
ever, the product of concentrations of hydrogen ion and 
hydroxide ion is constant, and is expressed by the 
equation [H’] x [OH'] = 1 x 10“^* at 25*. Consequently, if 
[OH'] = 1 X 10“°, the concentration of hydrogen ion in the 

1 X 10-1* 

solution of alkali must be [H‘] = - , _ . = 1 x 10-^^ ; and 

lx 10“° 


the pH of tliis solution will therefore be 14. The concentra- 
tion of hydrogen ion in solutions more alkaline than water, 
and having a hydroxide ion concentration up to 1 gram- 
equivalent per litre, will therefore be represented by pH 
values between 7 and 14. 

In order to make clear the meaning of the pH value and 
its relation to the hydrogen ion concentration expressed in 
terms of normality, a few cases may be considered more 
fully. In pure water the concentration of hydrogen ion 
is approximately 0*0000001 gram-equivalents per litre, or 
1 X 10“’ normal. Taking the exponent of 10 in this expression 
as a positive number, we obtain pH = 7. Instead of writing 
[H ] = l X 10“’ (normal being understood), one can also write 
logio [H ] = - 7, or - logio [H ] =7. We see, therefore, that 
the pH value is equal to the logarithm of the hydrogen ion 

concentration with negative sign, or pH =logio^-jjT2- 


In order to convert concentration values into pH values, one proceeds as 
follows. To find the pH value of a solution in which [H*)-2xl0- normal; 
the logarithm of 2 is 0-301 and the logarithm of 2 x 10 ‘is therefore 

6-301=0-301-6= -6-699. 

(It U necessary to remember that the decimal part of a logarithm is always 
positive.) VVe see, therefore, that 

log,o (2 X lO-*) = -6-699 or - log(2 x 10-®) = 6-699=pH. 

On the other hand, in order to find the concentration “ 

tT. 10- ao^al. 
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In working with jpH values it is important to bear in 
mind that high pH values correspond to low hydrogen ion 
concentrations . 

For convenience of reference, a list of pH and the corre- 
sponding hydrogen ion concentrations value is given in the 
following table : — 


HYDROGEN ION CONCENTRATIONS AND pH VALUES 


pH 

(n:ss Whole 
Number). 

Gre m -eq ui valenis 
per Litre 

pH 

(n = a Whole 
Number)* 

Gram^equivaleDte 
per Litre. 

n*00 

1-00 xlO-« 

n-50 

3*16 X lO-tn+l) 

n-05 

8-91 X 10-<"+n 

n'55 

2-82 

9f 

nao 

7-94 

n-60 

2-51 

f 9 

n*lS 

7-08 

n*65 

2-24' 

99 

n-20 

6-31 

n-70 

200 

ff 

n*26 

6-63 ., 

n*76 

1-78 

f 9 

n*30 

6-02 

n*80 

1-59 

9* 

n*35 

4-47 „ 

n*85 

1-41 

AA 

n-M 

3-08 „ 

n'90 

1-26 

W W 

n45 

3-5S 

n-96 

1-12 

# w 


Titration of Acid by Alkali. Change of pH daring 
Neutralisation. — By means of electrometric measurements 
(Chap. XV.) it is an easy matter to follow the change in 
hydrogen ion concentration during the neutralisation of an 
acid by an alkali. The results which are obtained are 
instructive. 

When a weak acid, such as acetic acid, is neutralised 
with a strong alkali (NaOH), hydrogen ions combine with 
hydroxide ions to form water, and a salt of the acid is formed. 
As neutralisation proceeds, therefore, one obtains a series of 
solutions containing diminishing amounts of the weak acid 
and increasing amounts of the salt of the acid. It has 
however, been learned that for mixtures of a weak acid 
and of a salt of the acid, the hydrogen ion concentration is 


given, approximately, by the expression [H*] = A' , 

where K is the affinity constant of the acid. [salt] 

I _ [salt] , 

and if one takes the 


This may be written 


[H*] K . [acid]’ 

logarithms of bothsides.one obtains log-^ =log-i + 

[Hj ®[aoid] 
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Or, j?H =log ^ +log . This expression, therefore, will 


give the variation of the pH value of the solution during 
neutralisation, and it shows that when the acid is half 

neutralised, i.e., when [salt] = [acid], pH = log— . Conversely, 

if one determines, electrometrically, the variation of 

— I — j — j — I — , 1 — , — j — I — pH with neutralisation, 

9 . J and if one plots the 

g “ ----- value of pH against 

■jl the volume of standard 
7 ■ y alkali added, one can 

6 - read off from the curve 

u 5 . ^— -*****^ the value of pH cor- 

P responding to half 

^ I " neutralisation, and cal- 

3 } - culate therefrom the 

2 . I _ value of K, the affinity 

I constant of the acid. 

10 20 30 40 so 60 70 60 90 100 The neutralisation curve 
C.C. NaOH per 100 c.c. ccid of acetic acid is shown 

Fio. 90 . in Fig. 90. Since the 

affinity constant of 
acetic acid is 0-000018 or l'8xl0~®, the pH value of the 
solution at half neutralisation is 4*74. 


10 20 30 40 so 60 70 60 90 100 
C.C. NaOH per 100 c.c. acid 

Fio. 90. 


Since sodium acetate undergoes hydrolysis, the pH value 
of the solution of the salt will not be 7, the value for water 
neutrality, but will be greater. Experiment shows it to be 
8-87 in 0‘1 normal solution at the ordinary temperature. 

The affinity constant of a weak acid can also be calculated, 
more accurately, by making use of the relation : 
^ =[H'] X [salt]/[acid]. After each addition of alkali to 
the acid, the concentration of hydrogen ion is determined 
electrometrically. Since the concentration of salt in the 
solution will be proportional to the volume, x, of alkali 
added, and the concentration of acid to the quantity (x, - x), 
where x^ is the volume of alkali required for complete 
neutralisation, it follows that K=[^''\xx/(x^—x). A series 
of .ff^-values is thus obtained, and the mean taken. 

In the case of a polybasic acid, such as phosphoric acid, 
the neutralisation curve (Pig. 91) will consist of a series of 
sections corresponding to the different stages of dissociation. 
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Points K-i and are the pH values (2-03 and 7*1) corre- 
sponding to the dissociation constants of the reactions, 
H 3 P 04 ?^H‘ -i-H^O*' and H 2 p 04 '^H' + HPO 4 '' respectively. 



The third dissociation constant lies at pH = 12*4. It is 
clear that a solution of K3PO4 will have a strongly alkaline 
reaction (pH = 13*6). 

Hydrogen Ion Concentrations and Indicators. — ^The electro- 
metric method of determining the concentration of hydrogen 
ion in solution is fundamentally the most important, because 
it is by this method that the results obtained by other 
methods are ultimately controlled. A simpler method, how- 
ever, has been worked out whereby, with the help of various 
indicators, the actual concentration (activity) of hydrogen 
ion in a solution can be quickly and easily ascertained.^ 

An indicator may be defined as a weak acid (or weak 
alkali) of which the anion (or cation) has a different colour 
from the un-ionised molecule.* Thus, phenolphthalein, a 
weak acid (or, it may be, a psevdo-acid), is colourless in the 
un-ionised state (in acid solution) but red in the ionised state 


* Meaaoremeats of o.ni.f. give effective oonoentrutiona or activities and 
MdriS standardised by moans of e.m.f. measurements also indicate 

t^t this definition is not strictly acouiate. and that the »in. 
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(in alkaline solution). Similarly, p-nitrophenol is colourless 
in acid solution but yellow in alkaline. 1^ some other cases, 
however, the indicator is coloured both in the un-ionised and 
in the ionised state, so that passage from the acid to the alka- 
line state is accompanied by a change of colour. Thus, 
methyl orange is red in acid solution (un-ionised form) but 
yellow in alkaline solution (colour of anion). 

Dissociation Curve. — ^The behaviour and application 

of indicators will be 
most easily under- 
stood if one plots the 
dissociation curve of the 
indicator, regarded as a 
weak acid ; that is, if one 
plots the hydrogen ion 
concentration (or, pre- 
ferably, the ^H value) 
against the degree of 
ionisation of the indi- 
cator acid. The dissocia- 
tion curve of p-nitro- 
phenol is shown in Fig. 92. Tliis curve has been calculated 
by means of the equation (p. 351), 


1 



Fia. 92. 


where K is the dissociation constant of the indicator acid. 
For /j-nitrophenol K = Q'5 x 10“®, and log l/iC = 7'19. 

It is clear from this equation that the dissociation curves 
must all have the same form but occupy different positions on 
the axis, according to the value of K, the dissociation 
constant of the indicator acid. Moreover, it will be seen 
from the equation given above that when a = 0*5, 

logic = pH = login 

In other words, half the indicator is ionised when the hydrogen 
ion concentration of the solution is equal to the dissociation 

constant of the indicator. . i i 

When one considers the curve (Fig. 92) for p-nitrophenol, 

which has a K value = 6-5 x 10-« (or log 1/A' = 719) and which 
is colourless in presence of excess of acid but yellow in presence 
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of excess of alkaU, it is seen that so long as [H ] is greater 
than about 1 x 10-^ CpH = 5), the indicator wiU be practically 
completely un-ionised and therefore colourless. If, however, 
one reduces the concentration of hydrogen ion, the indicator 
will undergo ionisation to some extent and the colour of the 
ionised indicator will begin to make its appearance. If it 
be assumed that the depth of colour, as compared with the 
completely ionised indicator, is proportional to the degree of 
ionisation a, then the dissociation curve of the indicator may 
be regarded as giving a relationship between [H ] and the 
depth of colour of the solution as compared with an acid 
or alkaline solution containing the same concentration of 
indicator. In the case of two-colour indicators, variation of 
[H‘] will lead to a variation in shade, intermediate between 
the colours of the un-ionised and the ionised indicator. 

From what has just been said and from a consideration 
of Fig. 92, it will be clear that the application of indicators 
to the determination of the concentration of hj'drogen ion 
depends on the fact that the different indicator acids (or 
alkalis) are of different strengths, or have different 
dissociation constants, and, consequently, exliibit the 
characteristic colours of the un-ionised and of the ionised 
indicator at different concentrations of hydrogen ion. By 
the addition of an indicator to a solution, therefore, it is 
possible to tell whether the hydrogen ion concentration 
is greater or less than a certain value. Thus, if no colour is 
shown when p-nitrophenol is added to an aqueous solution, 
one can say that the value of the solution is equal to or 
is less than, say, 5‘6 ([H’] equal to or greater than 3*16 x 10~® 
gram-equivalent per litre). On the other hand, if a yellow 
colour is obtained equal in depth to that given when the 
same amount of p-nitrophenol is added to a strongly alkaline 
solution, one can say that the pH value of the solution is 
equal to or greater than, say, 7 ([H*] equal to or less than 
1 X 10“’ g^am-equivalents per litre).^ 

In order to be able to determine the hydrogen ion 
concentration of a solution by means of indicators, it is 
nec^sary to have a series of indicators the K values of 
which are distributed over the whole range of pH values to 

* Owing to the eye being vinable to detect the complete ronge of colour 
ohaDg^y it IB found tbat the useful range of colour cbango of an indicator may 
0 © taken, roughly, as lying between the pH values at which the indicator is 
lomsed to the extent of 6 per cent, and ao per cent. 



ConcentratioD of Hydrogen Ions (Oram-equlvalente per Utre). 
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be investigated, and which give definite colour changes for 
particular concentrations of hydrogen ion. 

A mixture of indicators may also be used, and, from the 
colour produced when such a mixed indicator is added to a 
solution, information is obtained regarding the approximate 
concentration of hydrogen ion in the solution. 

The chart on page 358 gives for a series of indicators the 
colours which they show when added to solutions of different 
hydrogen ion concentration. The thick lines indicate the 
concentrations at which the colour change is sharpest.* 

By means of electrometric racasurementa (Cbap. XV.) it ia an eaay matter 
to determine the concentration of hydrogen ion at which the different indicators 
show tboir colour change and so obtain a knowledge of the range of pH values, or 
the pH zone, for which the indicators are suitable. In the table on p. 3G0 is given 
the useful range of pH values of a number of the more important indicators. 


Indicators in Acid-alkali Titrations. — In carrying out an 
acid-alkali titration the aim is to ascertain, with the help of 
an indicator, the point of acid-alkali equivalence, a point 
which will not necessarily coincide with that of water- 
neutrality (pH = 7). 

If one plots the pH value against percentage neutralisa- 
tion, in the case of different acids and alkalis, one obtains a 
series of curves such are as shown in Figs. 93-96. In Fig. 93 
is shown a t 3 q)ical curve for the neutralisation of a strong 
acid by a strong alkali (n/IO HCl and n/10 NaOH). This 
curve shows that in the neighbourhood of the equivalence 
point small departures from equivalence are accompanied 
by large variations in the pH value. The curve shows a 
nearly perpendicular portion. It follows, therefore, that the 
equivalent end-point can be determined ^ith sharpness. 
Tms also is the case when one is titrating a weak acid (acetic 
acid) with a strong alkali (NaOH), or a strong acid (HCI) 
with a weak alkaU (NH 4 OH), as indicated by the curves 
m Figs. 94 and 95. When, however, one titrates a weak 
acid with a weak alkaU (acetic acid with ammonium 
hytoxide) no sharp end-point wiU be obtained, owing to 
hydrolysis. The curve, in this case (Fig. 96), does not show 
at any pomt a veiy great variation of pH with variation in 
the amount of acid or of alkali. A weak acid, therefore, 
cannot be satisfactorily titrated with a weak alkali. 
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Indicator. 

Colour. 

pH Range. 

Acid. 

Alkali. 

Crystal violet . . . , 

Green 

Violet 

0*0 to 2«n 

Thymol blue .... 

Red 

Yellow 

V V v^/ ^ ^ 

Trop®oUn 00 ... . 

Red 

Yellow 

* ff AO 

1 0,0 

Bromphenol blue 

Yellow 

Blue 

Aw,, O A 

3*0 4-A 

Methyl orange .... 

Red 

Yellow 

3*1 4*4 

Methyl red .... 

Red 

YeUow 

4'2 6*3 

P'Nitrophenol .... 

Colourless 

Yellow 

6*0 .. 7*0 

Litmus ..... 

Red 

Blue 

6*0 .. 7-0 

Bromcresol purple 

Yellow 

Purple 

5'2 6-8 

Bromtbymol blue 

Yellow 

Blue 

6'0 .. 7*6 

Neutral red .... 

Red 

Orange 

6-8 „ 8 0 

RosoHc acid .... 

Yellow 

Red ^ 

6'9 .. 8-0 

Crcsol red .... 

Yellow 

Red f 

7-2 „ 8 '8 

a-Naphtholphthalein 

Red 

Blue 

7-3 M 8-7 

Thymol blue .... 

Yellow 

Blue 

8*0 „ 9-6 

Phenolphthalein 

Colourless 

Red 

8-3 „ 10-5 

Thymolphthalein 

Colourless 

Blue 

9-3 „ 10-5 

Tropasolin 0 . . . . 

Yellow 

Orange 

110„ 130 


An examination of Figs. 93, 94, and 95 will show that, 
even when a sharp end-point can be obtained, the equivalence 
point can be sharply determined only if a suitable indicator 

3 

4 

5 

6 

pH? 

8 

9 

10 
It 

90 joo no 
% Ncutrafizotion 

Fio. 03. Fio- 94' 

is employed. When a strong acid is titrated with a strong 
alkali, the almost perpendicular portion of the curve (Fig. 93) 
extends from about pH =4 to pH = 10, and the equivalence 




Fio. 94. 



361 


LAW OF MASS ACTION 

point corresponds to pH =7. Any indicator, therefore, the 
pH range of which lies between 4 and 10, may be satisfactorily 
employed, e.g., methyl orange, methyl red, litmus or 
phenolphthalein. When, however, a weak acid (acetic 
acid) is titrated with a strong alkali (Fig. 94) an indicator 
must be used which has a pH range l 3 dng between, say, 7 
and 11, €.g., rosolic acid, cresol red or phenolphthalein. If 
methyl orange or methyl red or litmus were used, an end- 
point would be indicated when the solution was still distinctly 
acid. In the case of acetic acid and sodium hydroxide 
(n/10), the equivalence point corresponds to pH =8-87. In 
the titration of a strong acid with a weak alkali (ammonium 



90 100 no 
% Ntutralizotion 


Fio. 95. 



Fio. 06. 


hydroxide), on the other hand, the steep portion of the 
neutralisation curve (Fig. 95) lies between about pH = 3-5 
and pH = 6’5. In tliis case, therefore, one must use as 
indicator methyl orange or, better, methyl red. With 
hydrochloric acid and ammonium hydroxide (n/ 10) the 
equivalence point corresponds to pH — 6*13. 

From what has been said above regarding indicators, the 
fact that in the titration of polybasic acids, 6.g., phosphoric 
acid, with alkali, different end-points are obtained according 
to the indicator employed will be readily understood. When 
phosphoric acid is titrated with sodium hydroxide in presence 
of methyl orange the colour change takes place when one 
equivalent of alkali has been added, t.e., when there has 
been formed in the solution the salt NaH 8 p 04 . At tliis 
point the pH value of the solution is 4*4 (c/. Fig. 91), and 
methyl orange, therefore, undergoes change in colour from 

12 A 
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red to orange or yeUow. If, however, the titration is carried 
out with phenolphthalein as indicator, the end-point is not 
reached, i.c., the indicator does not change colour until 
two equivalents of alkali have been added, and the salt 
Na 2 H:P 04 has been formed. The pH of the solution at this 
point is 9-28 and the phenolphthalein, therefore, shows a 
pink colour. 

Buffer Solutions. — In order that the indicator method 
may be successfully applied to the determination of hydrogen 
ion concentrations, it is necessary to have at one’s command 
standard solutions, the ^H value of which is definitely known 
and which are readily reproducible. For tliis purpose so- 
called “ buffer ” solutions or regulators are employed, i.e., 
solutions the pH value of which undergoes relatively very 
little change on addition of acid or alkali. 

We have already seen that when one adds sodium acetate 
to acetic acid the ionisation of the latter, and consequently 
the [H'], is reduced. If to such a mixture a small quantity 
of hydrochloric acid is added, there will be no equivalent 
increase of [H ] in the solution, because the added hydrogen 
ion will, for the most part, combine with the acetate ion 
present to form acetic acid, wliich will be practically un- 
ionised. The increase of hydrogen ion concentration, there- 
fore, will be comparatively slight. Similarly, if sodium 
hydro.xide is added to the solution, combination with the 
reserve of acetic acid takes place and, again, the hydrogen 
ion concentration remains practically unchanged. A mixed 
solution of acetic acid and sodium acetate, therefore, acts 
as a “ buffer ” (A. Fernbach and L. Hubert) against change 
of hydrogen ion concentration. 

Buffer or regulator solutions, therefore, are such as 
contain only a small actual concentration of hydrogen ion 
(or hydroxide ion) but a large reserve of potential ions (e.g., 
acetate ion and hydrogen ion). They possess what is called 
a “ reserve acidity ” and “ reserve alkalimty. When, 
therefore, acid or alkali is added, combination with the 
potential ions takes place, and the concentration of hydrogen 
ion in the solution undergoes comparatively little <^an^. 
These buffer mixtures, therefore, are of much value for the 
purpose of preparing standard solutions of definite hydrogen 
ion concentration wliich are insensitive to additions of small 
quantities of acid and alkali. By var^ng the proportions 
of the constituents, also, solutions of different hydrogen ion 
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concentration can easily be prepared. The exact concentra- 
tion of hydrogen ion is determined electrometrically. A 
number of such buffer solutions have been suggested and 
used,^ of which the following solutions are examples : — 


Aceric Acid and Sodium Acetate. 

Primary Potassium and Secondary 
Sodium Phosphate. 


Acetio Acid 

Sodium Acetate 



^.Na,HPO«. 

pH. 

(Gram- molecule 
per Litre). 

(G ram - m olecule 
per Litre). 

pH. 

3*6 

O-ISS 

0-015 

6-288 

9-75 ml. 

0-26 ml. 

4*0 

0164 

0-036 

5-006 

90 ,. 

1-0 „ 

4*4 

0126 

0-074 

6-468 

7-0 

3-0 „ 

4*8 

0 080 

0-020 

6-813 

6-0 „ 

6-0 ,. 

6*2 

0-042 

0-158 

7-168 

3-0 .. 

70 ,. 

5-6 

0-019 

0-181 

7-731 

1*0 „ 

9-0 .. 


It h iM? already been pointed oat that the variatioo of pH daring the 
neutralisation of a weak acid by a strong alkali is given by the expression 
1 [salt] 

pllslog^ -hlog . <^Dd the graphic repreaentation of this change is shown 

ID Fig. 00 (p. 354). From this figure it is seen that although the pH value changes 
rapicUy at the beginning of the neutralisation and also at the end^ the change 
in pH for a given smaU addition of alkali is comparatively slight in solutions 
in which the acid has been neutralised to an extent of 20-80 per cent. Through* 
out this range the slope of the neutralisation curve is comparatively smalL 
The change of pH is least, or the buffering action is a maximum, when the 
acid has been half neutralised or when [salt} = [acid]. 

The effect of adding acid to a simple buffer solution, consisting of a weak 
acid and its salt, be readily calculated in an approximate manner. In 
the cose of a solution which is O-In with respect to acetic acid and to sodium 
acetate, we have 


pH = log. 


0-000018 


+ioeCT=*«- 


If to this tmztura hydrochloric acid is added in such amount that, if added 
to water, it would yield a O-OlK solution (pH = 2, if the acid is regarded as 
completely ionised), hydrogen ions will combine with acetate ions to form 
acetio acid (un-ionised). The concentration of acetate ions (salt) will therefore 
be reduced from O-lw to 0-09 n, and the acid concentration will be increased 
from 0*1 n to 0*11 n, and the pH of the solution will be given by the expression 


The change in pH is therefore comparatively slight. 

In the COM of mixtures of primary and secondary sodium or potassium 
phosphate, it has to be borne in mind that the ion acts as an acid and 

midergo« lOTisation into H A solution, therefore, in which NaHaPO. 
and r<latHPO| are present m equal concentration, corresponds to a solution in 


> See W. il. Clark, The DeUrmiMtion of Hydrogen lone • 
Hydrogen lone ; Kolthoff and N. H. Furman, Indicators. " 


U. T. S. Brittou, 
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which the acid H2P04' is half neutralised. Since the affinity constant of the 
acid H2PO4' is 1*4 X 10'^, the pH of the solution containing equivalent amounts 
of primary and secondary phosphate will be 

By selecting acids of different strengths^ buffer solutions can be prepared 
covering different ranges of pH values. 

The effect of such solutions in regulating the hydrogen ion concentra- 
tioD of a solution is clearly shown by the following esperiment. A mixture of 
acetic acid and sodium acetate is made up, as given in the table (p. 363), so as 
to have pH = 3*6. To 10 ml. of this solution, contained in a test>tube. add 1-2 
drops of methyl orange indicator. To 10 ml. of a 1 per cent, solution of sodium 
chloride contained in a similar test*tube, add the same volume of methyl orange 
solution as before, and drop in 0*01 k-HC 1 until the colour shade is the same 
as in the former case. Both solutions will then have the same pH value. To 
each solution add 0*5 ml. of a 1 per cent, solution of gelatin, a substance which 
has the property of combining with acid. In the case of the buffered solution 
no change in colour is observed, but in the case of the unbuffered solution of 
hydrochloric acid the hydrogen ion concentration is reduced and the colour of 
the indicator changes to yellow 



CHAPTER XV 


CHEMICAL ENERGY AND ELECTRICAL ENERGY. 

ELECTROMOTIVE FORCE 

It is to Alessandro Volta (1745-1827), Professor of Natural 
Pliilosophy in the University of Pavia, that science owes the 
construction of the first voltaic cell, an apparatus by m^ns 
of which a continuous current of electricity can be obtained 
through the transformation of chemical energy into electrical 
energy. In considering the electrical energy supplied by 
such a cell, one has to bear in mind that electrical energy, 
like other forms of energy, is a product of two factors — the 
intensity factor, represented by the fall of potential or electro- 
motive force (e.m.f.), and the capacity factor, represented by 
the quantity of electricity. If the fall of potential, or e.m.f., 
is expressed in volts and the quantity of electricity in coulombs 
the energy will be expressed in volt-coulombs. One has, 
then, the relations 

1 volt-coulomb = 1 joule = 1 x 10’ ergs=0'2390 cal. 

1 cal. = 4'185 volt-coulombs. R =8*315 volt-coulombs. 

Electrical Energy and Chemical Energy. — It might, 
perhaps, be thought that the electrical energy given out by 
a voltaic cell could be put equal to the chemical energy of 
the reaction taking place in the cell as measured by the heat 
of reaction ; and tMs view was first suggested by William 
Thomson (Lord Kelvin) in 1851 and by Hermann von 
Helmholtz. Although approximately true in some cases 
the Thomson-Helmholtz rule has no general validity. 

In the ease of a Daniell cell, for example, in which zinc dips in a solution 
of 1 gram-molecule of zino sulphate in 100 gram-molecules of water, and copper 
in a solution of 1 gram-molecule of copper sulphate in 100 gram-moleoules of 
water, the o.m.f. is found to be 1*096 volt at 0*. Since zino ion is bivalent, the 
amount of electricity associated with the passage of 1 gram-atom of zino into 
the lonio state will be 2 x 66,600 coulombs, and the eleotrical eneroy will therefore 
be 1*096 X 2 X 96.600 *211,600 joules. The heat of the reaction, 

Zn-hCuSO*, lOOHgO^Cu-l-ZnSO*, 100H.O. 

365 



366 INTRODUCTION TO PHYSICAL CHEMISTRY 

is fouiul to bo 209,910 joules. Tho electrical cnergv% tLerefure, is approximatelv 
equal to tho heat of reaction. ^ 

In the case, however, of the Clark cell, 


Zd 


saturated solution 
of ZnSO*, 7HjO 


paste of HgtS04 Hg 


tlie reaction which takes place when the cell is giving out electrical energy is 
Zn + Hg4S04 = 20804 + 2Hg ; and tho heat of this reaction is 338,320 joules. 
Since the e.m.f. of the cell is 1*434 volt at 15^, the electrical energy, per gram- 
atom of zinc, will be 1*434 x2 x 90,500*276,700 joules. The electrical energj' 
obtiiined, therefore, is only 82 per cent, of the heat of reaction. 

Again, In the case of the celJ,^ 



OOlN-KCl 

saturated with Hg^Cl^ 


n-KNO, 


OOIn-KOH 
saturated with Hg20 



in which the reaction Hg^Cl* + 2KOH *2KC1 +Hg40 +H2O takes place, the 
e.m.f., at 18 *5^, is 0*1630 volt (S. Bugarsky, 1897). The electrical energy, 
therefore, per gram -molecule of mercurous oxide formed, will be 


0-1636 x2 X 9G,500J.,or0-1636 x2 x23,070a7545 cal.* 

The heat of reaction, however, is -3280 cal. Although the beat of reaction 
Ls negative, a positive amount of eleotrioal energy is obtained, or, an endo- 
thermic reaction which takes place spontaneously can do a certain amount of 
external work. 


The above examples show that the electrical energy given 
out by a voltaic cell cannot be put equal to the chemical 
energy as measured by the heat of reaction. The electrical 
energy given out bxj a cell is a measure of the change not of the 
total energy but of the free energy. 

Reversible and Irreversible Cells. — Before one can find the 
relation between the electrical energy of a cell and the heat 
of reaction, it is necessary to distinguish between reversible 
and irreversible cells. When the Daniell cell gives out 
electrical energy, zinc passes into solution as zinc ion and 
copper ion is discharged and deposited as metallic copper 
on the copper electrode. If the same amount of electricity 
as w’as taken from the cell be now sent through the cell in 
a direction opposite to that of the current given by the cell, 
copper will pass into solution as copper ion, and zinc ion ^yill 
be discharged and deposited as metallic zinc on the zinc 
electrode ; and the amounts of copper dissolved and of zinc 
deposited will be exactly equal to the amount of copper 
which had been previously deposited and of zinc which had 

‘ Tho double vertical lines || indicate tho elimination of the liquid junction 
potential. 

* F has the value of 23,070 cal. per volt. 



ELECTROMOTIVE FORCE 


367 


passed into solution. The ceU, therefore, wiU be in exactly 
the same state as it was initially. The Darnell cell is com- 
pletely reversible. ^ • 

When, however, the cell, Zn 1 H^SO^, aq. | Cu, is giving 

out electrical energy, zinc passes into solution and hydrogen 
is evolved at the copper electrode. If a current be-now sent 
through the cell in the opposite direction, copper will pass 
into solution, and hydrogen will be liberated at the zinc 
electrode. This ceU, therefore, is irreversible and cannot be 
brought back to its initial state by passing an electric current 
through the cell. 

To obtain a definite relation between electrical energy 
and chemical energy, one must use a reversible cell. When 
a reversible cell is allowed to work reversibly by giving out 
only a very small current, and so being at each moment in a 
state of equilibrium, the work done by such a cell will 
be the maximum work which the cell can produce. This 
maximum work, per gram ion, will be represented by B.zF, 
where E is the e.m.f. of the cell, z is the valency of the ion 
transported, and F is 1 faraday or 96,500 coulombs. 

The GibbS'Helmholtz Equation. — ^The relation between 
chemical energy and electrical energy was deduced by 
Willard Gibbs (1878) and by von Helmholtz (1882). It 
has already been shown (p. 301) that the increment of &ee 
energy, AO, of a reversible reaction is given by the expression 

Since, in the case of a reversible voltaic cell, AO == - E.zF, 
or, since the diminution of free energy, - AO, is equal to the 
electrical energy, E.zF, one obtains the relations 

dE 


and 


-E.zF-AB^-zFT'^ 

dT 


where dEfdT is the temperature coefficient of electromotive 
force. From this expression it is clear that the electrical 
energy will be equal to the chemical energy only when the 

latent heat 2^ is zero ; that is, when dEfdT = 0. 
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The following examples may be quoted in confirmation of the above 
equation ‘ : — 


(1) CeU: Zn 

Reaction 


Saturated solution Saturated solution 
ofZnSO,. 7 H 3 O ofCuSO«, 5HjO 

Zn + CUSO 4 = Cu + ZnSOj. 


£’,». = 1 0934 ; dEldT= -0 000429 ; -A/fcalc =56,089 
- A//obs. = 55,189 cal. 


Cu. 


cal. : 


(2) Cell : 


Ag. 


•’..n . nA Saturated solution a i a 

of CdC4. 2 - 5 H 30 I Ag- 

Reaction Cd + 2AgCI +2-5H,0 =CdCIj, 2 - 5 H 30 + 2Ag. 

i;„.=0-67531 ; d£:/dr= -0 00065 ; - A^fcalc. = 40,030 cal. ; 

— Aifobs. = 39,530 cal. 


OOlN-KCl , ;; 0-01nKOH 

(3) Cell : Hg saturated with j n-KNOj ; saturated with Hg. 

Hg.Cl* ' HgjO ! 

Reaction HgjCl, + 2KOH = 2KC1 + Hg^O + HjO. 

^,,. = 0-1636; c/A.7<fr= +0 000837 ; - A//cale.= - 3700 cal. ; 

- A//obs. = - 3280 cal. 


If, therefore, a reaction is allowed to take place in a 
voltaic cell so that chemical energy is transformed into 
electrical energy, (he heat of the reaction can be calculated from 
determinatioyis of the e.m.f. of the cell and of the temperature 
coefficient of the electromotive force. It may, however, be 
pointed out that in order to obtain approximately correct 
values of the heat of reaction, the temperature coefficient of 
e.m.f. must be determined with a high degree of accuracy. 

It should be noted that in determining the e.m.f. of 
the cell, liquid junction potentials must be eliminated. 

When th© change of e.m.f. with temperature is expressed in the form 

the diminution of free energy and heat of reaction can be calculated by 
means of the expressions * 

( -AO)t = ( +'=(7’-298)J and ( - A£f) 2 „ = ( - A(?)„s(l - 298a). 

Measurement of Electromotive Force. — ^The method 
usually employed for the measurement of the e.m.f. of a cell 
is that known as the Poggendorff compensation method, an 
outline only of which can be given here. 

If a source of electricity A (Fig. 97), of constant e.m.f., is coimected with 
the two ends of a wire CD, of uniform resistance, the fall of potential along the 
wire will be uniform. The difference of potential between C and any pomt 


>S. Bugarsky, Z. anorgan. Chem., 1897. 14. 145; A. Klein, Z. 

Chem.. 19ol 36^01; E- Cohen. F. D. Chattaway and ^omb^ck. ftiA, 
1907, 60, 700; H. S. Taylor and G. St J. Perrolt, J. Amer. Chem. Soc., 1921. 

*^Seo J. H. Ellis, J. Amer. Chem. Soc., 1916, 88 , 737. 
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of the wire will be proportional to the distance CE, and will be eq^l ^be 
fraction CE/CD of the toUl fall of potential along the wire. If another cell B, 
the e.m.f. of which is less than 
that of A, is inserted along with 
a suitable indicating instruineDt» 
such as an electrometer or 
galyanomeier, in a aide circuit, 

CGBE, 80 that it is opposed to 
A, and if the sliding contact E 
id moved along the wire until no 
current passes through the instni* 
ment G, then the e.m.f. of B 
is equal to that of A multiplied 
by CE/CD. 

If the e.m.f. of the cell A« the working cell, were quite constant and 
sufficiently accurately known, the measurement of an unknown e.m.f. could be 
made in the manner described. As a rule, however, neither of the above 
conditions is fulfilled. It is therefore necessary to have a standard cell, the 
e.m.f. of which is accurately known. The point of balance E on the bridge 
wire is then determined when the standard cell occupies the place of B ; 

and then the point E' (say) when the 
cell of unknown e.m.f. is in place of B. 
The unknown e.m.f. is then obtained from 
the relation 

CE _ e.m.f. of standard cell 
CE^ unknown e.m.f. 

The experimental arrangement 
just described has been called the 
Latimer-Clark potentiometer.^ As 
working cell, one generally employs 
^ accumulator, and as standard, 
cadmium standard cell, the 
construction of which is shown in 
Fia. 98 pjg gg cadmium amalgam 

i; p!LteT;«idmium suiphaw 12-5 per cent, of cadmium, 

and mercurotu sulphate, and the electrolyte is a saturated 
3. Sa^rated solution and solution of hydrated cadmium sul- 

Phate (CdSO^fH^O). The e.m.f. 

is 1’0185 volt at 15® 

6 . 



■ and 1-0181 volt at 25°. Mercury 

6 . Paraffin. forms the positive, the amalgam 

the negative pole. 

Seat of Electromotive Force of a 
Cell. — If the poles of a voltaic cell represented by the scheme 


7. Cork. 

8. Sealing-wax. 


Metal 1. I Solution containing Solution containing 
I ions of metal I. ions of metal II. 


Metal II. 


measurement see Findlay, Practical Physical 
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are connected by a resistance wire, sudden differences of 
potential are possible (1) at the junction of the wire with the 
poles ; (2) at the junction between metal I. and the solution ; 

(3) at the junction between metal II. and the solution ; 

(4) at the junction between the two solutions. Under 
ordinary conditions, when the temperature is constant, the 
potential differences under (1) vanish. Not so, how'ev^, the 
potential difference which arises at the junction between 
the tw’o solutions and which is known as the liquid junction 
■potential or diffusion pcleniial. Although this potential, 
which is due to differences in the rate of diffusion of the 
cations and anions, can in some cases be calculated from 
the mobilities of the ions (p. 242), it is better, where possible, 
to reduce the liquid junction potential to a negligible value. 
Two cliief ways of doing this are, first, to have present in 
the tw'O solutions a relatively large (and equal) concentration 
of an indifferent electrolyte (e.g., potassium nitrate) ; and 
second, to insert betw’een the tw'o solutions a “ salt bridge ” 
consisting of a saturated solution of potassium chloride 
or of ammonium or potassium nitrate. When this is 
done, practically the only differences of potential w’hich 
occur are those at the junctions of the metals with the 
solutions, and the e.m.f. of the cell will then depend 
only on these. 

Electrode Potentials. — When zinc is placed in contact 
with a solution of zinc sulphate the metal becomes negatively 
charged relatively to the solution. To account for this, 
Nernst (1888) introduced the idea of electrolytic solution 
pressure. Just as a liquid passes into vapour until the 
pressure of the vapour formed has a definite value, so zinc 
when placed in a solution of one of its salts will pass into 
solution as zinc ions. The zinc will therefore become 
negatively charged relatively to the solution. Owing to the 
large charge wdiich they carry, the ions do not move away 
from the metal but are held by electrostatic attraction and 
form an “ electrical double layer ” ; and equilibrium will be 
attained when only a very minute, unweighable amount ot 
zinc has passed into the ionic state. The tendency of the 
metal to form ions will be balanced by the tendency of the 

up their charge, and this will be all the greater 
the concentration of the ions. The “ electrode 
Dr the potential difference estabUshed between 
id a solution, therefore, will depend on the 


ions to give 
the greater 
potential ” 
a metal ai 
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concentration of the ions of the metal in the solution. In the 
case of zinc the electrolytic solution pressure is so great 
that the metal forms ions in all solutions of its salts, and 
therefore always becomes negatively charged relatively to 
the solution. The metal copper, on the other hand, has 
such a small electrolytic solution pressure, or the ions have 
sucl^ a tendency to give up their charge, that the metal 
becomes positively charged when placed even in the most 
dilute solutions of a copper salt.^ The sign and value of the 
potential which is established between a metal and a solution 
will depend, therefore, on the metal and on the concentration 
of its ions in the solution. When the metal is positive with 
respect to the solution, it is said to have a positive ( + ) 
potential ; when it is negative to the solution, it is said to 
have a negative ( — ) potential.^ 

The electrodes just referred to are reversible with respect 
to a cation (electrodes of the first class) ; but one may also 
have electrodes which are reversible with respect to an anion 
(electrodes of the second class). Thus, when silver, in 
contact with solid silver chloride, is Immersed in a solution 
of potassium chloride, that is, when one has the electrode 
Ag I AgCl(s), KCl I, the potential will depend on the concen- 
tration of the chloride ion, and the electrode will be reversible 
with respect to this ion. If a current is passed from the 
metal to the solution, silver ions will combine with chloride 
ions to form silver chloride ; and if a current is sent from the 
solution to the electrode, silver ions will be discharged at 
the electrode and chloride ions set free. The calomel elec- 
trode referred to below is also reversible with respect to 
the anion. 

Measurement of Electrode Potentials. — In order to 
m^sure the potential between an electrode and a solution 
it is necessary to have another electrode and solution, the 
potential difference between which is known. These two 
electrodes can then be combined to form a voltaic cell, the 
e.m.f. of which can be determined, and since the e.m.f. is 
the arithmetical sum or difference of the two electrode 


• Only in solutions in which the concentration of copper ion has been 
^oed to a very minute value through the formation of complex ions, e.p.. 

addifaon of exc^ of potassium cyanide, does the copper send 
ions mto the dolution and so become zxegatiyely charged. • 

is, unfortunately, no univeraal agreement with regard to this 

especially in America, use the opposite algebra 
signs to those given above. ^ 


iO 
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potentials depending on the sign of tliese potentials, the 
value of the unknown electrode potential can be calculated. 
As auxiliary electrode, one may employ what is generally 
known as the normal calomel electrode, which consists of 
mercury in contact with a normal solution of potassium 
chloride saturated with mercurous chloride. More frequently 
now, an electrode with a saiuratetl solution, of potassium 
chloride is used. A simple form of the calomel electrode is 
shown in Fig. 99. A platinum wire, sealed into a glass tube, 
makes contact with the mercury. 

Since the absolute value of an electrode potential is not 

known with any degree 
of certainty, it is custom- 
ary to determine only 
the relative potential, or 
potential referred to some 
standard electrode, the 
potential of which is 
taken as zero. As stand- 
ard electrode there is 
now generally taken the 
7iormal hydrogen electrode 
in which the hydrogen 
is under atmospheric 
pre-ssure and the acid 
solution contains hydro- 
gen ion at unit activity.^ 
The jiotential of this elec- 
trode is taken as zero at 
all temperatures. On this 
basis the potential of the 
normal calomel electrode 
at 25° is -h 0-2812 volt, 
anrl that of the electrode with a saturated solution of 
potassium chloride, -f 0-2422 volt. The potential of the 
deci-normal electrode is -f 0-3335 volt. 

In Older, for example, to determine the relative potential between 3^, 
zinc and a deci-noriiial solution of zinc suljdmtc, a “ half-cell, of 
in Fig. ‘JU. in which a zinc electrode is in contact with a dcci noruial solution 



> Formerly the acid solution was defined as nonnal tvith respect to hWro^ 
inn calculated by means of the conductivity ratio, : that is. the con 

rn’tradon of hydWn ion was given by « . /= 1. where c U the total concentra- 

tion of acid* 
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of zinc sulphate, is combined into a voltaic cell with a normal calomel electrode, 
as represented diagrammatically by the scheme 

Zn I 0 - 1 n.ZiiS 04 || n-KCI, Hg*Clj | Hg 

0-281 


1K)72 

This is simply done by allowing the side tubes of the half-cells to dip in a 
solution of potassium chloride or of ammonium nitrate. The e.m.f. of this 
cell is found to be about 1*072 volt, the direction of flow of positive electricity 
being indicated by the arrow.^ Since the calomel electrode has a potential 
of +0*281 volt, and since the flow of positive electricity is from the solution 
to the metal, as indicated in the diagram, it follows that the potential difference 
between zinc and the solution of zinc sulphate must be -0*791 volt, and this 
must assist the potential at the mercury electrode, because the combination 
of the two potentials amounts to 1* 72 volt. That is to any, the flow of positive 
electricity must be from the zinc to the soluttoii, as has already been pointed 
out.* 


In the following table is given a list of electrode potentials 
at 25°, referred to the potential of the hydrogen electrode 
with hydrogen ion at unit activity as zero. The ions in the 
different solutions have unit activity. 


ELECTRODE POTENTIALS AT 25* 






K 

K- 

-2-9241 

Pb 

1 Pb* 

-0-122 

Na 

Na- 

-2-7146 

Pt(l 

H.) 1 H- t 

0-00 

Zn 

Zn" 

-0-7018 

Cu 

Cu ■ 

•I-0-3441 

Fe 

Fe" 

-0-441 

Ag 

Ag 

-1-0-7973 

Cd 

Cd" 

-0-4013 

Hg 

Hg,- 

+ 0-7986 

Ni 

Ni" 

-0-231 

Ptl 

OH' 1 0. 1 

+0-3976 

Sn 

Sd" 

-0136 

Pt(H,) 1 OH' 1 

-0-8280 


the values of the standard electrode potentials it is easy to calculate 
the e.m.f. of a cell made by combining any two of those electrodes with 


It is customs^ to represent a voltaio combination in such a way that 
positive electricity flows insUU the coU from loft to right, or negative electricity 
froni right to left. In the outer circuit, rieoativt electricity flows from the 
left-hand to the right-hand electrode. The e.m.f. of the cells is then said to 
be positive, and the accompanying reaction takes place with decrease of freo 
energy ; or E . zF= -&a. 

• It wiU be clear that when the two electrode potentials have different 
algebraic si^, as in the above case, the e.m.f. of the cell will be equal to the 
anthmetu^ sum of the potentials. When the electrode potentials have the 
^me algebraic sign, both pqaitivo or both negative, the e.m.f. of the cell will 
be raual to the arithmetical difference of the potentials. By using arrows to 
direction of flow of positive electricity, errors can b© readily 
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elimination of a liquid junction potential. Thus, the e.m.f. of the cell 

Zn I Zn - II Cu - | Cu 


0-7618 0-344] 

in which zinc and copper ion have unit activity, will be 0*7618 + 0-3441 =1*1059 
volt. 


The above arrangement of the metals forms what is 
known as the potential or electrochemical series of the metals. 
The greater the negative value of the potential the greater 
is the tendency of the metal to pass into the ionic state. It 
follows, therefore, that a metal with a more negative potential 
will displace from solutions of its salts any other metal which 
comes after it in the above list. Thus, zinc or iron will dis- 
place copper from solutions of copper salts ; and copper will 
displace silver or mercury. Metals which precede hydrogen 
in the list w’ill bring about an evolution of the gas when 
placed in a normal solution of hydrogen ion ; but an 
anomalous behaviour is sometimes met with owing to the 
existence of an overvoltage (p. 393), or to the formation of 
protective oxide films on the metal. 


riatLnum in contact with chlorine, bromine, or iodine, and with a solution 
containing chloride, bromide, or iodide ion respectively, also acquires a definite 
potential, the normal chlorine, bromine, and iodine electrode potentials being 
+ 1-359, +1 0CG, and +0-536 volt respectively. Chlorine, therefore, has a 
greater tendency to form ions than bromine or iodine, and, cousequently, 
chlorine will displace these elements from solutions of bromides or iodides. 
(Since these elements give negatively charged ions, the formation of the ions 
in solution renders the solution negative to the electrode, or the electrode 
positive to the solution.) 

Influence of Concentration on Electrode Potentials. — -It 
has already been mentioned that the electrode potential 
depends on the concentration of the ions furnished by 
the electrode. The relation between potential and ionic 
concentration can be calculated as follows : — 


If a metal, the electrolytic solution pressure of which i.'‘ p, is partially 
immersed in a solution containing the ions of the metal, a certain potential - 
will be established when the osmotic pressure of the metal ions m the solution 
IB P. If a current of electricity is passed reversibly through the electrode 
until 1 grain-ion of the metal has passed into section, the work expended 
will be E zF where z is the valency of the ion and F is 96,600 coulombs. (The 
volume of solution is supposed to be so large that °° 
pressure is caused by the solution of 1 gram-ion of metal.) 

be now carried out when the osmotic pressure of the “J® 1?" 

pre" su'Te i fJ^sTy! equafto dP, whore** V U the volume of solvent 
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u) which 1 gram-ion is dissolved. Therefore, zF . dE =V . dP ; and if it be 
assumed that the gas laws hold for the solution V =RTlP. Consequently, 
zF.dB = RT . dPfP, and ^ . 2 F=i?r log© P-i-constant. The value of the 
integration constant is obtained from the fact that E=0 when P = p. The 
constent, therefore, is equal to -PTlogep. It follows, therefore, that 

zF p 

For anv other solution in which the osmotic pressure of the metal ion is 

P\ one would have = — = • loge — • Consequently, B=-E' — - . loge 

zF p Zr F 

Taking the osmotic pressure as proportional to the concentration and using 

decadic logarithms, one obtains 

t? jr'^2-303llT. (?+ 

E-E + s; — logio ^ 


zF 


C\ 


and if the potential E' is put equal to when C\ = 1 

2-303ilT 




zF 


logic CJ+ 


Since it is with the effective concentratioD of the ion that one is concerned, 
that is, with the activity of the ion^ it is better to represent the relation between 
electrode potential and ionic activity thus 

.2303J?T,_ ^ 

^ = ^0+ — ^ — logio<»+ 

where is the electrode potential when the activity of the cation is unity. 

On the assumption that the cation and anion ^ve the same activity, one 
has • c, where y is the activity coefficient of the electrolyte. 

In the case of an electrode reversible with respect to an anion, one has 




2-303J?r 
zF 


log 


to 




Q. 4 .U r 4 . 2-303iir 2-303 x 8-32 x 298 

Since the factor — = — =0-0591 at 

r 9o500 

25®, it follows from the above equations that, in the case 
of an electrode which yields univalent ions, a tenfold increase 
or decrease of ionic activity will alter the electrode potential 
at 25° by 0*0591 volt. Increase of concentration of a cation 
reduces the electrode potential in the case of negative 
potentials, but increases the potential in the case of positive 
potentials. 


The factor 


2*303117’ 


has the value 0*0571 volt at 15° c. 


and 0*0577 volt at 18°. 

From the above discussion it will readily be understood 
that from determinations of the variation of electrode 
potential with concentration it is possible to ascertain the 
valency z of an ion. In this way it has been found that the 
mercurous ion has the symbol Hga** (A. Ogg, 1899).^ 

* See G. A. Linh«rt, J. Amar. Ohem. Soc., 1916, 38, 2366. 
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Concentration Cells. — Since the potential of an electrode 
varies with the ionic concentration, or rather ionic activity, 
a voltaic cell in which the electrodes are of the same metal 
but are in contact with solutions of different ionic activity 
should have a definite e.m.f. ; and this e.m.f. will, as a first 
approximation, be equal to the difference of the two electrode 
potentials. Such a cell is called a concentration cell (with 
transport or migration). 

In the case of the concentration cell, 


Metal 


solution containing 
metal ions (a^) 
the electrode potentials will be 

£-,=A’o + 2-303 


solution containing 
metal ions {a^) 


metal 


RT 

Jf 


logio 


and 


^’2 = ^0 + 2-303 


Tf 


logio ®2> 


and therefore the e.m.f. of the cell will be given, approxi- 
mately, by the expression 

n/TT 

-£-2 = 2-303^ logic -'• 

ZF a^ 

This expression, however, is true only when there is no 
liquid junction potential ; that is, when the cation and the 
anion have the same rate of diffusion or the same mobility. 
In general this is not the case, and a difference of potential 
will be set up at tlie junction of the two solutions which will 
be all the greater the greater the difference in the rates of 
diffusion. The ion of greater mobility will diffuse more 
rapidly into the dilute solution, and an electrical double layer 
will thus be produced at the junction of the two solutions, 
and the more dilute solution will thus take the charge of the 
more rapidly diffusing ion. The total e.m.f. of the cell will 
therefore be E=E^ -E^ + E^, where E^ is the liquid junction 
potential. For a uni-univalent electrolyte this potential 
between the more concentrated and the less concentrated 
solution is calculated to be * 


where 

anion 





2-303 


RT 

F 



®i> ® 2 - mobilities of the cation and 

respectively. The more concentrated solution will 


* Nornst, 2. physikai, Vhem.^ 1888, 2, 013. 
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therefore become negatively charged when The 

e.m.f. of a concentration cell with a uni-univalent electrolyte 

will therefore be* 


= 2-303 


~ lo&o • 2-303^ log.o 


a. 


2m. 


. 2-303 


RT 


a. 


F 


U^ + U^ A- M 2 

As a more general expression for the e.m.f. of a con- 
centration cell, one obtains 




u. 


W,-f M, 


I . 2-303^ log, 


where v is the number of ions formed by 1 molecule of the 
electrolyte, 2 _ the valency of the anion, z^. the valency of the 
cation for which the electrode is reversible, and Oj and 
are the activities of the cation in the two solutions. In 
the case of most salts and m,, do not vary greatly, and so the 
liquid junction potential is small, being equal to 0-004 volt 
between deci-normal and centi-normal solutions of silver 
nitrate at 15®. With similar solutions of hydrochloric acid, 
however, the liquid junction potential amounts to 0-037 volt. 

Since the calculation of the liquid junction potential is 
somewhat uncertain, it is advisable to eliminate it by 
inserting between the two electrode solutions a “ salt-bridge ” 
of potassium chloride or ammonium nitrate. The efficiency 
of these salts is due to the fact that the cation and anion 
have nearly the same mobility. 

The expression given above for the e.m.f. of a concentration cell may bo 
i^ted by applyhig it to the ceU Ag | O-Olw-AgNO, I O-lw-AgNO, I Ac. 
^ummg that the Mtivity of the ions is given by and yfy, the e.m.f. at 
lo IS caioulated to be 


^ = 0-528 « 2 . 0-0577 
= 0 - 056 . 

This latter value agrees exactly with that determined experimentally. 

Celu with Amalgam Electrodes. — When an amalgam ia used as an 
“ contact with a solution containing the ions of the metal dissolved 
potential of the electrode depends not only on the concen- 
tration (activity) of the metal ions in the solution but also on the concentration 


When the electrodes are reversible with respect to the anion 
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of the metnl in the amalgam. Two amalgam elcctrodea. therefore, of 
different concentration, immersed in a common solution, will form a cell the 
energy of which will correspond to the work done in transferring the dissolved 
metal from an amalgam in which its concentration (activity) is c, to an amalgam 
in which its concentration is c,. Assuming, as is true in most cases, that the 
metal dissolves in the monatomic state in mercury, it is found that the e.m.f. 
of a cell with amalgam electrodes of different concentration is given by the 

expression e.m.f.=2-303 — logio*^. 

Gas Electrodes and Gas Cells. — Hitherto one has been 
dealing only with metal electrodes which are in equilibrium 
with ions of the metal in solution. It has, however, been 
found that a platinum electrode, immersed in a solution 
saturated with an ion-forming gas, e.g., hydrogen, oxygen, 



chlorine, etc., and containing the ions of the gas — hydrogen 
ion, oxygen or h 3 '^droxide ion,^ chloride ion, etc.- — constitutes 
a reversible electrode and acquires a definite potential 
dependent on the pressure of the gas and on tlie concentra- 
tion of its ions in solution. By means of cells constructed 
with such electrodes one can determine the free energy ot 
gas reactions and the concentration (activity) of the ions in 
the solution. Of the different gas electrodes the most 
important is the hydrogen electrode. 

» The oxygen iona, O', are deri ved fro m a disaociation of the hydroxide 
tons, according to the equation 40H'' ^ ^ 20' -♦-2HjO. 
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Various forms may be mTon to the gas electrode, depending to some extent 
on the conditions under it is to be used. In the case of the hydrogen 

electrode, the forms shown in Pigs. 100 and 101 are very convenient. In the 
case of the electrode vessel shown in Fig. 100, a platinum plate, coated with 
platinum black, sealed into a glass tube E, forms the electrode. Electrical 
connection with the outside circuit is made with tbe help of a small quantity 
of mercury in E. The platinum electrode clips into a solution containing 
hydrogen ion, and is partly surrounded by hydrogen gas which is passed 
in by the tube B and escapes through D and the mercury seal trap F. While 
the gas is being passed tbe tap on the tube C must be closed. 

tbe case of tbe Hildebrand electrode (Fig. 101), the platinum plate is 
sealed into the tube B and connection with tbe outer circuit can be made with 
tbe help of mercury. The lower end of the tube A is immersed in the acid 
solution, and hydrogen is passed in through the side tube C. Tbe hydrogen 
escapes through the holes a, a, so arranged that tbe platinum electrode is partly 
immeraed in the liquid and partly surrounded by tbe gas. 

The potential of the hydrogen electrode will, like the 
potential of an amalgam electrode, depend on the con- 
centration of the hydrogen in the electrode, and tliis, in 
turn, will depend on the pressure of the gas. For a given 
pressure, say atmospheric, the electrode potential will depend 
on the effective concentration of the hydrogen ion in the 
solution in the same way as the potential of a reversible 
metal electrode. That is, 

S=£o + 2-303^1og,„[H-], 


where is the potential of the normal hydrogen electrode. 
Or one may also write 


E-Eq + 2-ZOZ 


RT 

F 


logi (/No- 


where Eq is the potential of the hydrogen electrode when the 
activity of hydrogen ion is equal to unity, and a^. is the 
activity of hydrogen ion in the given solution. 

Id the case of the bydrogeo ion concentration cell, 

Pt(H.) I I [H-]=a, 1 Pt<H,). 


the e.m.f. of which is given by the erpresaion B 




2-303 


RT, a. 


cor* 


reotion for the liquid junction potential b relatively farce, since uju^u is 

activities is 10 : 1. the 

e.m.f. of the cell at 16® will be 0*17 x 2 x0*0671 »0-0104 volt. 


_ The Antimony Electrode. — Just as the hydrogen electrode 
IS regarded as being in equilibrium with hydrogen ions in 
solution so an oxygen electrode might be regarded as being 
m equilibrium with negatively charged oxygen ions (O") 
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formed in the reversible process. -OH'^0" + HgO. The 
potential of an oxygen electrode would therefore depend on 
the concentration of hydroxide ions in solution ; and since, in 
aqueous solutions, the product of concentrations of li^^drogen 
ion and hydroxide ion is constant, at a constant temperature, 
the potential of the oxygen electrode will depend on the 
concentration (or activity) of hj'drogen ions in the solution. 

The ox 3 ’gen gas electrode, it appears, is not strictlj' 
reversible, but a metal electrode in contact with its oxide 
may be regarded as a reversible oxjgen electrode witli the 
gas at a pressure equal to the dissociation pressure of the 
oxide. One of the most satisfactory of such electrodes is the 
antimon,v electrode with the metal in contact with its oxide, 
SbaOs- This behaves as a reversible electrode, the potential 
of which is gi^ en b\' the expression ^ 


„ „ 2-30SRT, „ 2-303RT „ 

E=Eq - *ogioff„.=-£^o + - — 


This linear relationship between E and pH holds over 
the range, pH =2 to /^H =7, and the value Eq must be deter- 
mined for each electrode with the help of buffer solutions. 
With alkaline solutions in which pH > 8 the linear relationship 
no longer iiolds, and the electrode must be standardised in 
solutions of known pH. 

With the help of the e.m.f. -pH curve for a given anti- 
inonj'^ electrode, the pH of a solution can readilj' be obtained 
by determining the e.m.f. of the cell, 

Antimony Solution of , Calomel electrode, 
electrode- unknown ptl. , 

Unlike the hydrogen electrode, the antimony electrode 
can be used in presence of oxidising agents or of colloids. 

Oxidation and Reduction. — When one considers the 
reaction. 

CFeSO* + 3 CI 2 = 2FeCl3 + 2 Fe 2 (S 04)3 

from the point of view of the ionic theory, one can represent 
the reaction thus 

6Fe- ■ + 3 CI 2 = OFe* ' ‘ + GCl' . 

From tills equation one sees that when a ferrous salt is 
oxidised to a ferric salt each gram-atom of ferrous ion gams 

1 Parks and Beard. J. Amer. Ckem. Soc., 1932, 54. 856 j Perley. Irui. Eruj. 
Chem. {A7ial.h 1939. 11. 316. 319. 
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one unit (1 faraday) of positive electricity or loses one unit 
of negative electricity, the negative charge so lost being taken 
up by the oxidising agent (chlorine). Oxidation, therefore 
i^olves the loss of electrons (negative electricity) and 
reduction the gain of electrons, or the loss of a positive charge. 
The oxidation of a ferrous to a ferric salt can therefore be 
represented most simply by the equation 

Fe“-0=Fe"*. 

\\nben an anion is oxidised or reduced, oxidation, similarly, 
is accompanied by a decrease, and reduction by an increase 
of the negative charge. Thus the oxidation of ferrocj^anide 
to ferricyanide ion is represented by the equation 

Fe(CN)6"" - 0 =Fe(CN)6"'. 

From this point of view all reactions which take place in a voltaic cell are 
oxidation-reduction reactions. Thus, m the reaction in the Daniell cell, 

2n -fCu" »-2n” -hCu, 

the zinc loses electrons (oxidation) and the copper ions gain electrons (reduction). 

Oxidation-Reduction Potentials. — When an unattackable 
electrode, such as platinum, is immersed in a solution con- 
taining both ferrous and ferric ions, or some other substance 
in the reduced and oxidised state, a certain electrode 
potential is established, the value of which will depend on 
the affinity of the ions for electricity, or on their tendency to 
pass from a higher to a lower state of oxidation. If the 
system has oxidising properties it will take up electrons from 
the electrode and so leave the electrode positively charged 
relatively to the solution ; but if the system has reducing 
properties it will give up electrons to the electrode, which 
will then become negatively charged relatively to the solution. 
The sign and magnitude of the electrode potential thus give 
a measure of the oxidising or reducing power of a system, 
and the potential is called the oxidation-reduction (0/R) 
potential of the system.^ 

When a platinum electrode is placed in a solution con- 
taining ferrous and ferric ions the electrode potential will 
depend on the ratio of ionic activities, and is 

given by the expression 

£'=£;„ + 2-303^iog,„?-j|;;'. 

r 


1, 377 ; Clark, ibid., 1925, 2, 127 ; Conant, 
1928, 8, 1 ; Uichaeli8» OzidalionSeduction PoierUiats. 
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£*0 being the potential which is established when the ratio 
= 1 . At 25 , Eq= +0*772 volt.^ Similarly, the 

value of £„ for the electrode Pt | in acid solution is 

-0*154 volt.2 ' 


The above expression may be generalised. If one calls 
the substance in the reduced state the reductant, and the 
substance in the oxidised state the oxidant, the process of 
oxidation can be represented by the equation 


Reductant - n0 ^ Oxidant. 

Red Ox 


The electrode potential wliich is established when an un- 
attackable electrode is immersed in a solution containing 
both reductant and oxidant is given by the expression 

^»=-®o + 2-303^log,„^ 

nF 

where represents the electrode potential expressed in 
terms of the normal hydrogen electrode as zero, n is the 
number of negative charges lost by the reductant on being 
converted into the oxidant. An electrode which has a 
positive value will liave oxidising properties as compared 
with h 3 ’drogen ; and an electrode which has a negative E^ 
value will have reducing properties. 

Oxidation-Reduction Potential Curves. — By means of the 
equation for the oxidation-reduction potential of a system 
one can calculate the potential of sj'stems containing different 
proportions of the oxidised and reduced forms. On plotting 
the values of E,^ against the percentage amount of the 
oxidised form,® curves such as are shown in Fig. 102 are 
obtained. From these curves it is seen that on adding an 
oxidising agent to an O/R S 3 'stem the change of electrode 
potential is relatively large at the beginning and end of the 
oxidation process, and comparatively small in the case of 
S 3 'stems containing from 20 to 80 per cent, of the oxidised 
form. Oxidation-reduction systems, the potential of which 
varies only slightly with change in the ratio Coi/C'sert* 
said to be “ poised.” Such s 3 'stems are analogous to buffer 
solutions. 

* Sec Sell u mb and Sweetser, J. Afner. Chem, 1935» 57* 871 • 

* See Huey and Tartar* ibid., 1934* 56* 2585. 

^ Concentrations are here substituted for activities. 
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pF' The slope of the intermediate portion of the 0/R potential 
curves depends on the number of negative charges, n, lost 
bv the reduotant on being converted into the oxidant. 



The Qninhydrone Electrode. — large number of systems 
composed of organic, un-ionised compounds are found to give 
reversible oxidation-reduction potentials which are depen- 
dent, in accordance with the above expression, on the ratio 
of concentrations (activities) of the oxidised and reduced 
compounds. Since, moreover, in many such cases the transfer 
of electrons in the oxidation-reduction process is effected by 
means of hydrogen ions, the electrode potential depends 

also on the hydrogen ion concentration (activity) of the 
system. 

. example of an 0/R potential in an organic system 
IS found in the reduction of quinone to hydroquinone, 
represented by the equilibrium 

C,H40s + 2H' + 20 ^ C,H.O,. 

Quinone (Q). Hydroquinone (QH^. 

When a platinum electrode is immersed in an acid solution 

contai^g both quinone and hydroquinone, an oxidation- 

auction potential is established which is represented at 1 8® 
by the equation,^ 


activity coefficients may be taken equal to unity 

and the moUl oonoentrations equal to the activiUes. 
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® [Qlh] 


r» 0*0577 , 
= *^ 0 +- o“’ 


[Q] 


[QHal 


+ 0-0577 log, o[H*l. 


Therefore, when [Q] = [Qll 2 ]. -C = A'o + 0-0577 log,o [H’]. This 
condition is satisfied when quinhydrone, a compound of one 
molecule of quinone with one molecule of hydroquinone, is 
dissolved in the solution. In sucli a case it is clear that the 
electrode jiotential changes with change in the concentration 
of hydrogen ion in the same way as does the potential of the 
hydrogen electrode. The value of Eq has been found to be 
+ 0-7 175 — 0-00074Z volt, referred to the normal liydrogen 
electrode, t being the temperature centigrade. At 18°, 
therefore, +0-7042 volt. The potential of the quin- 

hydrone electrode exhibits a salt effect due to an alteration of 
the activity ratio of quinone and hydroquinone. 

Oxidation-Reduction Indicators. — Of the organic com- 
pounds wliich have been found to form reversible 0/R 
systems, many show different colours in the oxidised and 
reduced states. Thus, methylene blue in the oxidised 

state has a blue colour, whereas in the 
reduced state (leuco-compound) it is 
colourless. Since, however, the potential 
of an electrode immersed in a solution 
containing both oxidised and reduced 
forms deiJends on the relative concen- 
trations of the two forms, it follows that 
the colour of the solution will also be 
related to the electrode potential. Thus, 
if one adds an oxidising agent {e.g., 
solution of potassium ferricyanide) to a 
solution of leuco-methylene blue of 
definite /jH value, and if one determines 
the value of the electrode potential 
in the solution after each addition of feiric^'anide, then on 
plotting the electrode potentials against the percentage 
amount of compound oxidised, a cuiwe, such as is shown in 
Fig. 103, is obtained. The position of the curve on the E 
axis depends on the indicator and on the hydrogen ion 
concentration of the solution, but the electrode potential is 
definite for a given value of pH. From Fig. 103 it is seen that 



Per Cent Oxidised 
Fio. 103. 
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when — 7*4, methylene blue will exist in the leuco form if 
the electrode potential of the solution has a negative (reduc- 
ing) value of -0-1 volt, or more. On the other hand, if the 
electrode potential of the solution has a positive (oxidising) 
value of -l-O-l or more, the methylene blue will exist in the 
oxidised (blue) form. In solutions having electrode potentials 
between -0*1 and +0*1, methylene blue will exist partly in 
the leuco and partly in the blue form, when the value of 
the solution is 7*4, 

With other coloured organic compounds, capable of 
forming reversible 0/R systems, similar curves giving the 
relation between Ef^ and the ratio [Ox]/[Red] are obtained, 
and as the 0/R potentials of these systems are different, 
use can be made of these substances for the purpose of 
indicating the 0/R potential of the system — attention being 
also paid to the pH of the solution. The electrode potential 
at 30®, corresponding to the half stage of oxidation, i.e., 
[Ox] = [Red], is given for a number of substances in the 
following table : — 


lDdioalor« 



pEL. 




6-0. 

6-4. 

6-8. 

7 0. 

7-4. 

7-8. 

Indigo dkulphooAto . 

-0069 

-0-092 


-0-126 

-0143 

-0-160 

Indigo triBulphonato 

-0-028 

-0-051 


-0 081 

-0-099 

-0-114 

Indigo tetraaulpbonate 

+ 0-006 

-0-017 

-0 037 

-0-046 

-0-062 

-0-077 

Methylene blue 

+ 0-047 

+ 0-031 

+0-017 

+ 0-011 

-0-002 

-0014 

Tolnylene blue 

+ 0-162 

+0-141 

+0-123 

+0-115 

+0-101 

+ 0-088 

2 : C^Dichlorophenob 
indo*o*ore8of 

+ 0-261 

+ 0-228 

+0-196 

+0-181 

+ 0-162 

1 

+ 0-126 


By means of the above and other substances it is possible 
to determine, approximately at least, the 0/R potential of 
a solution. 

The Glass Electrode. — The concentration of hydrogen 
ions in a solution may be determined by means of the glass 
electrode. This electrode is especially useful in the case of 
oxidising and reducing solutions, colloidal sols, and biological 
fluids. Its use depends on the fact that when a glass surface 
IS in contact with a solution there is established between the 
glass and the solution a potential difference which depends on 
13 
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the concentration of hydrogen ions in the solution.^ Thus, 
in the arrangement 


Hg I HgjClj, u.KCi 


H- 1 

Glass 

H- 

(‘h) 

membrane 

(a*) 


N-KCl, Hg*CIj 


Hg 


the e.m.f. depends on the concentrations (activities) of the 
hydrogen ions in the two solutions on either side of the 
membrane, and is given by the expression 





where K is an *' asymmetry potential ” dependent on the 
nature of the glass, etc., and Oj and are the hj'drogen ion 
activities. 

The action of the glass electrode is doubtless due to the 
glass acting as a membrane permeable to hydrogen ions 
but impermeable to other ions. The value of the 
“ asymmetry potential ” can be determined with the help 
of solutions of known pH. The glass electrode is unsuitable 
for use in alkaline solutions with a pH greater than 10. 


Applications of Electromotive Force Measurements. — It has already 
beeo pointed out that from measuremente of the e.m.h of the appropriate 
voltaic cells the affinity or diminutioo of the free energy of a reaction and abo 
the heat of a reaction can bo calculated. Further applicatiooe of such measure- 
ments may now be indicated. 

I. Solubility of Sparingly Soluble Salt^.^—ln order to determine the solu- 
bility of» say, silver chloride, the silver ion concentration cell 


Ag I AgCl, O-OlN-KCl 


Saturated solution of n-niv Acr>JO 

NH.NO, O-OlN-AgiNOa 



may be titled up. One electrode is in contact with a solution of silver nitrate 
in which the concentration of silver ion is supposed known, and the other 
electrode is in contact with a solution of potassium chloride of known con- 
centration saturated with silver chloride. The potassium chloride serves to 
increase the conductivity of the solution, and to give a known concentration 
of chloride ion. The e.m.f. of this cell at 15'^ is given by the expression 

e.m.f. =0 0571 log,o where 0-0093 represents the concentration of silver 

ion in the 0*01 n solution of silver nitrate (a =0*93),’ and x is the concentration 
of silver ion in the potassium chloride-silver chloride solution. If it is a^umed 
that the potassium chloride is completely ionised, the concentration of effionde 
ion in this solution will be 1 x 10 -^ gram-ion per Utre ; and il one apphes 
law of solubility product, one obtains [Ag'j x [Cr] = solubility product — A,. 


‘ Haber and Klemensiewicz, 2. physik-al. Chem,, 1909, 385. . - , 

^ H. M. Goodwin, Z. physikal. Chtm.. 1894, 13, 577; R. Abegg and A. J. 

Cox, xbid.p 1903, 46, 1. ..««•* on 

3 More strictly, one would employ the activity coefficient y — U-yu. 
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The value of K, is then found by multiplying the concentration of Ag* as given 
by the value of the e.m.f. of the above cell by 1 x 10“* (or, more correctly, by 
this number multiplied by the degree of ionisation (0*94), or by the activity 
coefficient (0*92) of potassium chloride in centinormal solution). Since, in pure 
aqueous solution, the concentration of silver ion is equal to the concentration 
of chloride ion, it follows that the concentration of either is equal to VK,. 
Further, if it be assumed that the silver chloride is completely ionised (activity 
coefficient equal unity), then \/K, also gives the concentration of silver chloride 
in the solution, i.e., the solubility. 

2. Stability of Complex Ions. 

3. Concenlraiion of Hydrogen Ion , — ^The concentration (activity) of hydrogen 
ion in a solution can be obtained from the e.m.f. of a cell formed by combining 
a hydroffen electrode immersed in the given solution with a normal hydrogen 

electrode (p. 378). The e.m.f. of the cell is equal to 2*303-^ logio^n*' Tho 

concentration (activity) of hydrogen ion can therefore be calculated. In place 
of tho normal hydrogen electrode one may use a calomel electrode, preferably 
with saturated solution of potaasium chloride, in order to eliminate the liquid 
junction potential. One then 


Therefore, 


"" 2*303 logii) 0||* 

PT 

^calomel - e.m.f. —2-303 -p- logioaa* 


It should be noted that ^caiomei ^ potential of the calomel electrode 
referred to that of the normal hydrogen electrode as zero. 

Instead of the hydrogen electrode, which is not suitable for use in presence 
of reducible substances or of ions of metals which have positive ( + ) electrode 
potentials (s.j;., copper, silver), one may use the quinbydrone electrode (p. 383). 
To the solution under investigation one adds 1—2 grams of quinbydrone per 
100 ml. of solution and stirs well. A bright platinum electrode is Immersed 
in the solution and combined into a cell with a calomel electrode, with elimina* 
tion of the liquid junotion potential. The coDcentratioD (activity) of hydrogen 
roD ID the solution can then be calculated from the equations 

E.m.f. « ^qulnbydroM ^ealpmel 

RT 


=0-704 +2-303^^ log,,a„- 


or 


2*303 


JIT 


logj^a„-= e.m.f. -0*704+^ 


calomol. 


From this one can calculate tho value of Oi,-. 

The quinbydrone electrode cannot bo used with solutions which have a pH 

® solutions tho hydrogen ion concentration 

(activity) of which is less than 1 x 10-» normal. 

no-ifrL- (P- 379) or a glass electrode (p. 386) may also be 
used for the determination of the hydrogen ion concentration. 

r.t « ^y^lrogen electrode one is also able to study the influence 

rti ^ k Mtivity of hydrogen ion {aaU effect). Thus the potential 

electrode immersed in a solution of, say, 0-01 n hydrochloric 
Shlon%« *^® after increasing amounts of potassium 

Sd ^ *^® “ tt*® electrode potential in pure 

acid solution, and B, tho potential when a definite amount of salt has been 

added to the acid, then = 2-303^^ log^^i where a is tho activity ol 

hydrogen ion in presence of salt and the activity in the pure acid solution* 
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Asauming that the activities of hydrogen ion and chloride ion are equal a can 
of the add".*" activity coefficient and c the concentration 

4. Hydrolysis of 5a//s.*-^he degree of hydrolysis of a salt is given by 

the expressions (p. 343) ^ = and ^ = where c is the concentration of 

the salt. If therefore, one determines the concentration of hydrogen ion in 
calculated^” ^ ^ ^ manner already described, the value of z can be 

5. Determination of Equilibrium Constants and o/ Free Erurgu.— It has been 
pointed out (p. 306) that by applying the van’t Hoff isotherm, 


-£^0 = RT log. K -RT loge ar, 

w here x is the initial mass law ratio of concentrations of resultants and reactants, 
one can calculate the value of the equilibrium constant, if the value of x 
is known. Smee, in the case of electrolytic reactions, the diminution of free 
energy can bo determined from measuremenU of the e.m.f. of an appropriate 
voltaic cell, such measurements also enable one to calculate the value of the 
equilibrium constant. Thus, in the case of the reaction. 


TICI + KSCN aq.«TISCN + KCl aq.. 

which reaches an equilibrium state when (Cr)/[SCN'J = the value of K can 
be calculated from the e.m.f. of the cell, 

Tl-amalgam I TlCl, KCl (sol.) j] KSCN (sol.), TiSCN | Tl-amalgam. 

in which [Cr]/[SCN'] When the positive current will flow in the 

cell from right to left, thereby causing on increase in the concentration of 
chlorido ion and a decrease in tho concentration of thiocyanate ion. At 20^ 
the e.m.f. of the above cell, when x = 0*84. was found to bo 0*0105 volt.^ One 
calculates, therefore, 

=0*1807 -0*0757=0*1050. 


Ilonce, K = 1*27. The value found by chemical analysis is 1*24. 

When the initial concentrations of reactants and resultants are er|ua( to 

RF 

unity, then arsl. and one has e.m.f. =2*303 -p- loge The e.m.f. of the voltaic 

coU can then be calculated from the normal electrode potentials (p. 373). Thus, 
in order to find the value of the ionic product of water at 25®, one has ® 


Electrode potential: Pt(Hj) | H* |. ^o=0*00. 

Reaction : }Hj = H* +( 3 )' 

Electrode potential: Pt(Hj) | OH' |. Eq^ -0*8280. 

Reaction : JHj + OH' = HgO +©• 

By subtracting the latter equation from the former, one obtains H80 = H‘-f OH. 
and the diminution of free energy of this reaction is equal to E . -0-8280F 


‘ H. G. Denham, J. Chem. 5oc., 1908, 93, 41. 

* Carl Kniipffer, Z. pkysikai. Chem., 1898, 26, 255. See also A. Findlay. 

ibid., 1900, 34, 409. ^ j 

5 For determinations of the dissociation constant of water, see Harned and 
Hamer, J. Amer. Chem. Soc., 1933, 55, 2194; E. J. Roberts, ibid.. 1930, 52, 
3877 ; Hamod and Donelson, ibid., 1937, 59, 1280, 2032, 2304. 
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volt^coulomba, the reaction taking place spontaneously from right to left. 


Therefore, 


-0-8280 = 2-303^ log,„ ^,=0 05915 log,, 

F 



Therefore, A'.* 1-005 x 10-^*. 

The <Ucrease of frte energy of a reaction can be calculated by means of the 
equation: - AO = 2-303l{Tlog,o where K is the equilibrium constant. 
Thus, for the reaction, TiCl +SCN'=TISCN +C1', the eqi^brium constant at 
25^ is equal to 1-27. The decrease of free energy will therefore bo 

-A0=:2-303x 1-987 X 298 log, ^ 1-27*141-6 caL 

6. Poientiomeiric AnalysU . — Since the potential of an electrode, dipping 
in the solution of an electrolyte, depends on the concentration (activity) of 



Fio« 1<H. 


Mrtam ions, one may use determinations of the potential as an “ indicator*’ 
in volumetric analysis. Thus, in the case of the voltaic combination. 


Ag 


KNO, 


calomel or other 
standard electrode. 


solution of 
AgNO, 

the cell wm have a certain e.m-f. depending on the concentration of sUvor ion 
m toe solution of silver nitrate. On adding a standard solution of sodium chloride 
te the sUyer mtrate, the e.m.f. of the cell will alter, alowly at first, because the 
change of electrode potential depends on the /rocfiomif amount of silver ion 
i • * ^ amount of chloride added approaches equivalence to the 

wlutaon. the fracUon of the sUver ion concentiaUon 
‘*foP chlonde solution rapidly increases, and there is a 

Sd2^hf^m chloride is 

t change. On plotting the e.m.f. against 

obSStl in Rg. 1 S 4 is 

thi^;.* ^ ‘^® by the point of in^xion on 

a by can aimilarly be carried out by using 

“ ‘^® «olution ; and a solution of a^ferroiJ 
can be ti trated with dichromate, naing a pUtinum electrode (oiidation- 

of by plotting the values 
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reduction potential). For the potentiometrie titration of oxidation-reduction 
reactions, the platinum and tUDgsten electrodes are very convenient.^ Manv 
other analyses may be carried out potentiometrically.* ^ 

7. Determination of Affinity Constants of Acids. — As has 
already been pointed out (p. 354), the affinity constant of a 
weak acid, based on the ordinary mass law equations, can 
be determuied from the curve giving the change of pH on 
neutralisation of the acid by an alkali, the pH being deter- 
mined by one of the methods already described. These 
methods may involve the uncertainty of a liquid junction 
potential or of the value of the potential of a calomel electrode 
on the normal hydrogen scale ; but a method whicli avoids 
these uncertainties and which enables the thermodynamic 
dissociation co^istant of a weak acid to he determined has 
been developed.® 

The e.m.f. {E) of the cell, without liquid junction, 

Ag I AgCl, NaCl(7n3), NaA(m 2 ), HA(7/i3) | H^{1 atm.), 

where wjj, 'tn^ are the concentrations (molalities) of the 
weak acid, HA, of its sodium salt and of sodium chloride 
respectively, is given by the expression 

E = Eo-(RTfF) loge a„aci- 

Eq is the e.m.f. of a cell, Ag | AgCl, HCI j Hg, in which the 
mean activity of the liydrochloric acid is unity. Eq is 
therefore known. Since the thermodynamic dissociation 
constant {K) of the acid is equal to OhO’^. Ic^hx' above 
equation can be written in the form 


E=E^- 



Cl A 

Oa 


X 


Oha / 


Since the mean activity, a, is equal to ym (p. 28G) where y 
is the activity coefficient and m is the molality, one may also 
write : 



m*. 



Vci Vha 
Ya 


RT 


F 


loge A. 


* Gay, Ind. Eng. Chem. (Anal.), 1939, 11, 383. 

* Seo I. M. Kolthoff and N. H. Furman. Potentiometrie rUratiom ; H. 1. S. 
Britton, Hydrogen Iona. 

» H. S. Harned and R. W. Eblera, J. Anier. Chem. Soc., 1932, 54, 1350, 
J. F. J. Dippy, Chem. liev., 1939, 25, 161. 
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Hence, 


E — En + 


RT 


log, 


^Cl A _ _ 


m 


A' 


^ loge 5^* 

P Va- 


RT 


logf, K 


RT 


loge K\ 


At infinite dilution the activity coefficients all become 
equal to unity and K' equal to K. Since Eq is known and 
E can be measured, the left-hand side of the equation can be 
evaluated, it being noted that - [H*], 

and =m 2 -f[H‘]. The value of [H*] is calculated, with 
sufficient accuracy, from an approximate value of the 
dissociation constant. The values of —RTfFAog^K' so 
obtained are plotted against the ionic strength of the mixture 
in the cell and extrapolated to zero concentration, the inter- 
cept giving the value of ~RTfF From this, K 

can be obtained. 

8. Deierminaiion of Transport Numbers. — The e.m.f. 
{Ef) of the concentration cell with transport 


Ag I AgCl, LiCl (a,) I Lia (a,), AgCl | Ag, 


in which the electrodes are reversible with respect to chloride 
ion, is given by the expression E^^ — : — t . — log©^. If, 

«c + «a F ® Og 

however, a cell is constructed in which lithium amalgam is 
mserted between the two solutions of lithium chloride, 
one obtains what is known as a concentration cell without 
transport, because lithium chloride is not transferred from 
one solution to the other when current is taken from the 
cell. Such a cell, which may be represented by the scheme, 

Ag I Aga, LiCl (Oj) I Li(HgL | LiCl (a^), AgCl | Ag, 
may be regarded as consisting of two cells, namely, 


and 


Ag I AgCl. LiCl (oi) I Li(Hg), 
Li(Hg.) I Lia (a^), AgCl | Ag, 


and the e.m.f. (E) of the cell will be equal to the sum of 
®«s^tromotive forces of the two simple cells ; that is, 

therefore, one determines the e.m.f. of 
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the concentration cell with transport and the e.m.f. of the 
concentration cell without transport, the transport number 
of the cation can be calculated from the relation ^ 

nc = — = -‘. This is illustrated by the numbers in the 

following table : — 


TRANSPORT NUMBER OF LITHIUM ION EN LITHIUM CHLORIDE 

AT 25“ 


Concentration 

Ratio. 

1 

E. 


Transport Kumber. 

E,. 

n, = EtlE. 

Hittorf 

(18^). 

10 : 01 

116-6 

35-43 

0-304 

0-304 

0-3 : 0-03 

111-2 1 

35-21 

0-317 

0-320 

0 01 : 0 001 

' 1140 * 

1 

39-05 

0-343 

% 4 % 


9. Determination of Activity Coefficients . — In the case of 
an electrode reversible for both cation and anion, the e.m.f. 
of a concentration cell without transport would be given by 
the expression 


„ 2S03RT , 

^ • logio 


a* X a 
a\ X a 


Since \/®+ x a_ = y . c (p. 390), one may write 



2'303R7" 

zF 


• logio 


72*^2® _2 X2-303R2" 




zF 





which, for a uni-univalent electrolyte at 25°, becomes 
£’ = 0-1183 logio y 2 C 2 /yiCi. As the concentration approaches 
zero, yi approaches unity, and the e.m.f. then becomes 
£ = 0-1183 logio 72 ^ 2 / 01 . This value can be obtained by an 
extrapolation method. It thus becomes possible to deter- 
mine the activity coefficient of an electrolyte at different 
concentrations. By this means it has been found that the 
actiWty coefficient decreases with increasing concentration, 
passes through a minimum, and then increases. This is 
illustrated by the numbers in the table on p. 393. 


‘ See, for example, D. A. Macinnes and J. A. Beattie, J. Amei\ Chem, Soe., 
1920, 42, 1117, 1128; A. C. Harris and H. N. Parton, TraM. Faraday Soe., 
194 o!36, 1139. 
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The activity coefficient of one electrolyte in presence of 
other electroljrtes can similarly be determined. 


ACTIVITY COEFFICIENTS AT 25® 


CoDcentra tioiL 

0 01. 

0-05. 

0-1. 

0-5. 

1. 

B 

4. 

LiCI • • « 

0-901 

0-819 

0-779 

0-725 

0-757 

1-174 ' 

1-554 

HCl • ♦ . 

0-904 

0-829 

0-796 

0-757 

0-810 

1-320 

1-762 


Polarisation. — When one electrolyses a solution of an 
electrolyte between platinum plates, metal or gas is deposited 
on or liberated at the electrodes, which thus acquire a certain 
potential depending on the nature of the metal or gas 
liberated. The electrodes are said to be polarised, and they 
constitute, along with the electrolyte, a voltaic cell which has 
a certain e.m.f. known as a polarisation electromotive force. 
This acts against the e.m.f. of the electrolysing current, as 
is shown by interrupting the electrolysing current and 
connecting the two electrodes by means of a conductor. A 
current is given opposite in direction to the electrolysing 
current. 

When hydrogen is liberated at the cathode or oxygen at 
the anode, polarisation can be prevented by the presence 
of an oxidising substance at the cathode and a reducing 
substance at the anode. Such substances are known as 
depoktrisers. Thus, manganese dioxide acts as a depolariser 
in the Leclanch6 cell. 

Polarisation, however, may be produced not only by the 
deposition of the products of electrolysis on the electrodes, 
but also by changes of concentration in the neighbourhood 
of the electrodes. Thus, whpn a solution of, say, copper 
siUphate is electrolysed between copper electrodes, copper is 
dissolved at the anode and is deposited at the cathode, and 
no chemical work is done. Consequently, the e.m.f. necessary 
to electrolyse the solution will simply be that which is 
necessary to overcome the resistance of the solution, and 
this will, in accordance with Ohm’s law, be equal to /iJ, 
where I is the strength of current and Jt is the resistance of 
the solution. This relation, however, is true only at the 
beg inning of the electrolysis. When, for example, 1 faraday 
of electricity has been passed through the solution, 0*62 
gram-equivalent of copper sulphate will have been formed at 

I3A 
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the anode, 0-62 being the transport number of the sulphate 
ion in the solution of copper sulphate. At the cathode the 
effect of deposition and migration will be that 0-62 gram- 
equivalent of copper sulphate will have been removed from 
the solution in the neiglibourhood of that electrode. The 
concentration of copper sxilphate at the two electrodes will 
therefoie no longer be the same, and one will have a 
copper sulphate concentration cell, the e.m.f. of which will 
oppose that of the electrolysing current. This is known 
as concentration poZnrisafion. Such polarisation may be 
diminished by vigorous stirring. 

Decomposition Potential of Electrolytes. — When a voltage 
of, say, 0-5 volt is applied to two platinum electrodes 
immersed in dilute sulphuric acid it is found that a current 

passes through the solution. 
Owing, however, to the discharge 
in minute amount of hydrogen and 
hydroxide ion (oxygen) at the two 
electrodes, a polarisation e.m.f., 
equal and opposite to the applied 
voltage, is established, and the 
current falls practically to zero. 
Diffusion, however, of the liberated 
hj'drogen and oxygen takes place 
away from the electrodes, and a 
small current, the so-called residual current, continues to 
pass. As the applied voltage is gradually increased, there 
is a slow increase in the residual current until, when the 
applied voltage reaches a certain value, the current begins 
rapidly to increase with increase in the applied e.m.f. The 
voltage at which this rapid increase in the electrolysing 
current commences is called the decomposition potential of 
the particular solution. If one plots the current strength 
against the applied e.m.f., a curve, such as is shown in 
Fig. 105, is obtained. The decomposition potential, it is 
clear, will be equal to the difference of the potentials at the 
anode and cathode plus the (generally negligible) fall of 
potential IR between the electrodes. Since the electrode 
potentials depend on the ionic concentrations, so also will 
the decomposition potential. In the case of a zinc chlonde 
solution in which the concentration (activity) of zinc ion and 
chloride ion is unity the decomposition potential will be 
equal to + 1 - 3594 -(- 0-7618) =2-1212 volts, 4-1*3594 and 



Fio. 105. 
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-0-7618 volts being the potentials of the normal chloride 
and zinc electrodes respectively. 

Since the different metals when immersed in solutions of 
their salts acquire different potentials (p. 373), it follows that 
the decomposition potential of the salts of different metals 
with the same anion will be different, as is shown in the 
following table, which gives the values of the decomposition 
potential of a number of salts in normal solution. 


DECOMPOSITION POTENTIALS 


Zldc sulphate 

% 

Volts. 

2-55 

Cobalt sulphate . 

• 

Volts. 
. 1-92 

Nickel sulphate . 

♦ 

. 2 09 

Copper sulphate • 


. 1*49 

Nickol chloride . 


1-85 

Silver nitrate 


. 0-70 

Lead nitrate 

* 

1-52 

Sulphuric acid 

% 

. 1-67 

Cadmium sulphate 

a 

. 203 

Hydrochloric acid 


. 1-31 


Use is made of the above behaviour in the electrolytic 
separation of metals, e.g., copper and zinc or copper and 
nickel. From the above table it will be seen that so long 
as the voltage of the electrolysing current is kept below 
2 volts no zinc or nickel will be deposited. Moreover, the 
normal electrode potential of copper, referred to that of 
hydrogen, is +0'344 volt, and that of the nickel electrode 
— 0*231 volt. As the solution becomes less concentrated 
the tendency of copper ion to give up its electric charge 
diminishes by approximately 0*029 volt for a tenfold decrease 
in concentration ; but since the difference between the 
electrode potentials of copper and nickel amounts to about 
0*57 ss 0*029 X 20, it follows that the concentration of copper 
ion would have to be reduced to 1 x 10-*® normal before the 
potential of the copper electrode falls to that of the nickel 
electrode. A complete separation of copper from nickel 
can therefore be effected electrolytically. 

From a study of decomposition potentials it is deduced 
that when a solution of, say, sodium sulphate is electrolysed, 
there is a discharge at the anode, not of sulphate ions 
followed by the reaction S04 + H20 = H2S04 + 0 but of 
hydroxide ions followed by the reaction 20H=H20 + 0. 

Overvoltage. — It might be thought that it would be 
impossible to deposit electrolytically from solution any metal 
which has an electrode potential more negative than hydrogen. 
This, however, is not the case, since zinc, for example, can be 
deposited electrolytically from feebly acid solution. The 
explanation of this is to be found in the occurrence of an 



390 INTRODUCTION TO PHYSICAL CHEJHSTRY 

overvoltage when gases are evolved as the result of electrolysis. 
In the case of the cell 

Pt(H 2 ) I N-acid I (OalPt, 

in wliich hydrogen and oxj'gen under atmospheric pressure 
are in contact with platinised platinum electrodes, the 
e.m.f. is found to be about 1-12 volt. One would expect, 
tlicrefore, that when a normal acid solution is electrolysed, 
decomposition with evolution of hydrogen and oxygen would 
take place when the applied voltage exceeds 1-12 volts, if 
the electrodes act as reversible electrodes. This is found 
to be nearlj’ the case when platinised platinum electrodes 
and small currents are employed. When, however, smooth 
platinum electrodes are used, the decomposition potential is 
higher, about 1-7 volt : and with other metal electrodes the 
decomposition potential varies with the nature of the metal. 
The difference between the reversible gas electrode potential 
and the potential at which gas commences to be evolved in 
electrolysis is known as the overvoltage. This over\’^oltage is 
met with not only in the case of hydrogen but also in the 
case of oxygen and of other gases. In the electrolysis of 
normal solutions of sulphuric acid the following cathodic 
overvoltages have been found : — 


Electrode. 

0 vervol tage. 

Electrode. 

Overvoltage. 

Platinum (platinised) . 

0 005 

Tin 

0-53 

Platinum (polished) • 

0 09 

Lead 

0C4 

Silver 

015 

Zinc 

0-70 

Nickel 

0-21 

Mercury 

0-78 

Copper 

0-23 




The values of the overvoltage, liowever, vary considerably 
with the conditions of experiment, and are also influenced 
by the presence of foreign substances in the solution. 

The prod\iction of a cathodic over\'oltage corresponds to 
an increased concentration of hj'drogen at the electrode, and 
increases the reducing properties of the electrode. This fact 
plays an important part in the electrolytic reduction of 

organic compounds. 

Lead Accumulator. — The familiar lead accumulator is a 
voltaic cell, the e.m.f. of which depends on polansation. 
When an electric current is passed between two lead plates 
immersed in sulphuric acid of specific gravity 1-20, hydrogen 
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is evolved at the cathode, and lead dioxide, PbO.^, is formed 
at the anode. The ceU Pb | H 2 SO 4 | PbOg is formed, the 
e.m.f. of which is about 2-0 volts. The e.m.f. depends on 
the concentration of the acid. When tliis cell is being 
discharged there takes place the chemical reaction, 

PbOg + 2 H 2 S 04 + Pb = 2 PbS 04 + 2 H 2 O + 87,000 cal. 

That is to say, lead sulphate is formed at both electrodes. 
If, now, an electric current be passed through the discharged 
cell in a direction opposite to that of the current given by the 
cell, the lead sulphate at the cathode is reduced to lead wdth 
production of sulphuric acid ; and the lead sulphate at the 
anode is converted to lead dioxide.* The original cell, 
therefore, is reconstituted. During discharge, it will be 
observed, sulphuric acid is used up, and during charge it 
is formed. The density of the acid solution, therefore, 
decreases during discharge and increases during charge. 

^ At the anode the dascharaed sulphate ions may be regarded aa reacting 
with the lead eulphate to give which then undergoes hydrolysis with 

production of lead dioxide and sulphuric acid. 



CHAPTER XVI 


HETPJROGEXEOUS EQUILIBRIA AND THE LAW OF 
MASS ACTIOX. DISTRIBUTION LAW 

Ix tlie case of homogeneous systems, it has been learned, 
the law of mass action enables one to formulate the conditions 
of equilibrium in terms of the molar concentrations of the 
reacting substances. It will now be shown that even in the 
case of heterogeneous systems, or systems which are made up 
of dillcrent physically distinct parts, the law of mass action 
may also be applied when the assumption can be made that 
the heterogeneous equilibrium depends on an equilibrium in 
a homogeneous system. 

Two Solid Compounds in Equilibrium with a Gas. — In 
the case of the equilibrium, CaCOj ^ CaO + COg, it may 
legitimately be assumed that calcium carbonate and calcium 
oxide possess a certain, even if very small, vapour pressure, 
and that the heterogeneous equilibrium is dependent on, 
or is associated with, the equilibrium between the substances 
in the gaseous state. To this homogeneous equilibrium one 
can then apply the law of mass action and obtain the 
expression 


Pi /r 
^ 

Pi 

where p^, and paare the partial pressures of carbon dioxide, 
calcium oxide, and calcium carbonate respectively, the 
partial pressures being proportional to the concentrations. 
So long, however, as solid calcium oxide and calcium 
carbonate are present, the pressures pg and must be 
constant. At a given temperature, therefore, the pressure 
of carbon dioxide will be constant. This conclusion has 
been borne out by experiment, the dissociation pressures 

398 
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at different temperatures being given in the following 
table ^ : — 


Temporature. 

®o. 

Pressure in Millimetres, 
of Mercury, 

600 

2-35 

700 

25-3 

800 

168 

000 

773 

1000 

2710 


At 898® the dissociation pressure is equal to 1 atmosphere. 

The experimental values of the dissociation pressure show 
that dissociation of the carbonate increases with rise of 
temperature. According to the theorem of Le Chatelier 
(p. 277), therefore, one can predict that dissociation will be 
accompanied by absorption of heat ; and the amount of heat 
absorbed, per gram-molecule of carbon dioxide formed, can 
be calculated by applying the van’t Hoff isochore (p. 311). 
Assuming that the heat of dissociation is constant over a 
particular range, one obtains the expression 



g 

2 303 . R 



where p^ and p^ are the equilibrium pressures of carbon 
dioxide at the absolute temperatures and q is the 
heat of dissociation, and R is the gas constant in heat units, 
1-987 cal. Since at 750® c. and at 800® c. the dissocia- 
tion pressures were found to be 68 mm. and 168 ram. 
respectively, one has 



68 _ q 

168 2-303 X 1-987 


X 


p073-1023\ 
V1023 X 1073/ 


-0-3928 = — i- X - 

4-577 1023 X 1073’ 

/T- _ 0-3928 X 4-677 x 1023 x 1073 

60 

= -39,460 cal. 

The value determined ©xperimentaUy by Julius Thomsen 
at ordinary temperatures is -42,900 cal. 

A behaviour similar to that which has just been discussed 
’ J. Johnston, J. AjTter. Chem. Soe., 1910, 88, 938. 
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is found also in the case of other systems in which a solid 
compo\md gives rise on dissociation to a solid and a gas, 
e.g., salt h 3 ^drates, compounds of ammonia with silver 
chloride, etc. 

As the change of the dissociation pressure with tempera- 
ture follows the same general law as the change of vapour 
pressure of a liquid with temperature (p. 91), the heat of 
dissociation can he calculated from the slope of the curve 
obtained by plotting log p against 1/T where p is the 
dissociation pressure. 

Dissociation of a Solid Compound into two Gaseous 
Compounds. — When cr^'stalline ammonium hj’drosulphide 
is sublimed, the molecules undergo practically complete 
dissociation in the vapour state into ammonia and 
liydrogen sulphide, and, at a given temperature, an 
equilibrium is established, represented by the expression 
NH 4 SH?^NH 3 -f-H 2 S. Applying the law of mass action to 
this equilibrium, one obtains the expression 


p, xp2:=/fp . P3. 


where p,, pg, and Pa are the partial pressures of ammonia, 
h^'drogen sulphide, and ammonium hj’drosulphide respec- 
tively. Since, however, pa must be constant, in presence of 
solid h^'drosulphidc, it follows that P\'>^‘Pi~^^v- That is, 
at any given temperature the product of the partial pressures 
of ammonia and of hydrogen sulphide must be constant. If 
the dissociation pressure of the pure hydrosulphide is 
represented by P. then the partial pressure of each ot the 
dissociation products will be \P , and. ^nsequently, the 

product of the partial pressures will be — =K'^. At 15-2° 


the dissociation pressure amounts to 203 mm., and at 2/ -6 
to 572 mm.^ The partial pressure of each of the dissociation 
products at tlic above temperatures would therefore be 

131*5 mm. and 286 mm. respectively. 

If to the above system in equilibrium one adds excess ot 

one of the dissociation products, the partial pressure of that 

substance ill be increased and, ‘y:,,*’’:® 

pressure of the other dissociation product v ill be corre 
fp^ntogly diminished. In other words, the d.ssoo.atmn 
of the solid will be diminished, and a certain amount of 


‘ J. Walker and J. S. Lumsden, J. Chem. Soc.. 1897, 71. 428. 
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solid will be deposited. Moreover, while the 'product of 
the partial pressures of the dissociation products w^ 
remain constant, their sum, or the total pressure, will 
be all the greater the greater the difference between 
the partial pressures. This is confirmed by the following 
experimental numbers, obtained by Isambert in 1881 at 
the temperature 17*3° 


NHp 




Pr 

Pr 


150 mm. 

150 mm. 

22,500 mm. 

300 mm. 

103 

214 „ 

22,000 „ 

317 „ 

63-5 

419 M 

22,420 „ 

472-5 „ 

416 

1 

55*9 

23.250 „ 

471-9 ,. 


The deviation of the product of partial pressures from 
constancy is to be attributed to experimental error. 

If the solid is vaporised in an atmosphere of one of the 
products of dissociation, dissociation is reduced. If the 
initial pressure of the product of dissociation is x mm., 
then, at equilibrium, p' {x ■¥ p‘) ^ K’^, where p' — P' being 
the new dissociation pressure of the solid. Knowing x and 
/fp, the dissociation pressure of the pure solid, p' and P', 
can be calculated. 

The law of mass action may also be applied to the 
equilibria produced by the dissociation of pairs of substances 
which give rise to a common product of dissociation, e.g., 
mixtures of ammonium hydrosulphide and dimethyl- 
ammonium hydrosulphide, ^ These two compounds, on 
dissociation, give rise to the equilibria 

NH^HS^NHs + HaS 
NH2(CH,)aHS (GHjlaNH + H^S, 

the common product of dissociation being hydrogen sulphide. 

If Pj and Pg are the dissociation pressures of the pure 
hydrosulphides at the given temperature, and if p^ and p^ 
are the partial pressures of ammonia and of dimethylamine 
in the gas mixture, then the partial pressure of the hydrogen 
sulphide will be (Pi+Pg). On applying the law of mass 
action one obtains the two equations 

Pi(Pi +P 2 ) and +P 2 ) 

a 4 

* J. Walker and J, S. Lumsdon, toe. cit* 
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If Pi and Pg are known, one can calculate the partial pressures 
Pi and P2 and the total pressure [Pi +P2 + (Pi +7^2)] = 2 (Pi +^2)- 
In the case of the dissociation of ammonium carbamate 
there is produced the equilibrium 


NHj . CO . ONH4 ^ 2NH3 + COg, 


and for the isothermal dissociation, therefore, one has the 
expression Pi^ x p2 = A’p . pg. where p^ pg, and pg are the 
partial pressures of ammonia, carbon dioxide, and ammonium 
carbamate respectively. Therefore, since P3 is constant in 
presence of solid carbamate, pi® x p2 = constant. If P is the 
dissociation pressure at the given temperature of the pure 


carbamate. 


Pi = fP and P2 = JP, and therefore Pi^xp2 = 


4P3 


It is clear from this expression that addition of excess of 
ammonia will diminish the dissociation to a greater extent 
than will addition of excess of carbon dioxide.^ 

One other example of the application of the law of mass 
action to heterogeneou.s equilibria may be given. In the 
case of the classical reversible reaction. 


^6304 +4H2^ 3 Fe + 4H2O, 

the law of mass action gives, as the condition for equilibrium 
at a given temperature, 


P3 ^P 4 ^ 


= constant, 


where Pi and are the partial pressures of Fe and of Fe304. 
and P2 and P4 are the partial pressures of water vapour and 


P2 


or 


of hydrogen. Hence, it follow’s that at equilibrium, — , 

Pi 

the ratio of the partial pressures of water vapour and of 
hydrogen, is constant. The experimental values obtained 


1 

Water Vapour, 
Vz- 

1 

Hydrogen, 

& 

Pa 

8-S 

13*5 

0 05 

25- 1 

37-4 

0-67 

nr>-4 

54-1 

0G5 

49 3 

71-8 

0*GS 


» Isambert, Cornpt. rend., 1881, 93, 731 ; 1883. 97. 1212; T. R. Briggs .ind 

1924, 28* 1J21. 
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at 900® c. by G. Preuner ‘ confirm this prediction (see table 
on p. 402). 

The Distribution Law. — In 1872 it was found by 
Berthelot and E. Jungfleisch « that when iodine in varying 
amounts is added to a mixture of carbon disuIpMde and 
water, or when solutions of iodine in carbon disulphide 
are shaken with water, the iodine distributes itself between 
the two solvents in such a way that, at a given temperature, 
the ratio of concentrations is constant. That is, 


Concentration of iodine in carbon disulp hide 
Concentration of iodine in water 

The constant K is known as the partition coefficient. The 
results obtained by Berthelot and Jungfleisch at’ 18® are 
shown in the following table : — 


Grams of lodino in 
10 ml. CS| (c,). 

Grams of Iodine in 
10 ml. HgO (Ct)® 

II 

1-74 

0-0041 

420 

1-29 

0-0032 

400 

0-66 

0-0016 

410 

U-41 

0-0010 

410 

0-076 

0-00017 

440 


A similar behaviour is found in the case of the distribution 
of succinic acid at 15® between water and ether, as the 
numbers in the following table show : — 


Grams of Acid in 
10 ml. of Water. 

Grams of Acid in 
10 ml. of Ether. 

% 

ei 

0-024 

0-0046 

6-2 


0-070 

0-013 

6-2 


0-121 

0-022 

5-4 



It was pointed out, however, by Nemst in 1891 that the 
ratio Cj/^ is constant only when the solute has the same molecular 
weight in each of the solvents^ and the distribution law may 
therefore be formulated thus : When a solute distributes 
Itself between two non-miscible solvents,^ there exists for 


‘ Z. phynkai. Chem., 1004, 47, 386. 

* Ann. chim. phy$., 1872, [4], 26, 396, 408. 

iilf u solvents axe appreciably soluble In 

each other, or when their mutual solubility la altered by the Mlute. 
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EACH MOLECULAR SPECIES, at a given temperature, a constant 
ratio of distribution between the two solvents, and this ratio is 
independent of any other molecular species which may be 
present. 

The law just stated liolds strictly only for ideally dilute 
solutions. If it were valid at all concentrations, then, on 
shaking two non-iniscible solvents with excess of a solute, 
two saturated solutions would be obtained, and the partition 
coefficient w'ould be equal to the ratio of the solubilities of 
the solute in the two solvents. This may be regarded as 
being appro.ximately the case when the solute is only slightly 
soluble. 

Wlien the solute does not have the same molecular 
weight in the two solvents, the ratio of concentrations 
will no longer be constant. 

If, in the second solvent, associated molecules A„ are 
formed, tliere will exist the equilibrium A„ ^ wA between the 
associated and unassociated molecules. If a is the fraction 
of the associated molecules which is dissociated into the 
simple molecules, the concentrations of the associated and 
unassociated molecules at equilibrium will be (l-a)c and 
n . ac \ and, therefore, according to the law of mass action, 
(ac)"/(l - a)c = constant. When a is small, that is, when the 
degree of association is large, a may be neglected compared 
with unity, and therefore ac = K .X/c. In other words, 
the concentration of the simple molecules is proportional to 
X/c. The partition coefficient then becomes c^j'iJc 2 = K. 

This relation is confirmed in the case of the distribution 
of benzoic acid betw’een water and benzene, the acid existing 
mainly as associated molecules, (CgHjCOOHb, in benzene 
solution. The experimental numbers are given in the 
following table : — 


Grama of Benzoic 

Grams of Benzoic 



Acid in 10 mL 

Acid in 10 ml. 

1 

“ • 


of Water. 

of Benzene. 


00150 

0-242 

0-062 

0-0305 

00195 

0-412 

0-048 

0-0304 

00289 

0-970 

0-030 

0-0293 


Whereas the ratio Cj/Cg shows great variation, the ratio 
cJ\/c 2 is nearly constant. When the solutions are made 
very dilute, the ratio c^ly/C 2 no longer remains constant, owmg 
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to the increase in the ionisation of benzoic acid in aqueous 
solution and to the increasing dissociation of the associated 
molecules in the benzene solution.^ From the change in 
the value of the partition coefficient in dilute solutions the 
extent of the dissociation of the associated molecules can be 
calculated. 


Thus, let c, » the concentration of the solute in the aqueous layer, c, = the 
concentration in the benzene layer, and a* the degree of ionisation of the acid 
in water. Then c,(l -e) will be equal to the concentration of the normal un- 
ionised molecules in the aqueous layer. 

If i is the affinity constant of the acid, <£ = «*/(! - a)v, where v is the volume 
in litres containing 1 gram -molecule of acid. Hence, 





4 

d . V 



(For benzoic acid, d = 6 x 10-*.) 

Further, according to the distribution law, the ratio of concentrations of the 
single molecules in the two solutions is constant. Therefore, if m s concentration 

of the single molecules in benzene, ~ = t or appl3^g 

ftt k 

law of twAss action to the dissociation of the double into single molecules, one 
obtains the relation— — sf, since is the concentration of the double 

molecules. On inserting the value of m from the preceding equation, one finds 


IT- 

- a)* 

Since K is constant independently of the concentration* it follows that for 
any other concentrations Ci and in the aqueous and benzene solutions, 

P . c,' -C|'{1 - af)k i* . c, -6i{l - <t)h 

With the help of these two equations the value of k can be calculated. From 
the value of k one can obtain the value of m and hence also the value of Kf the 
dissociation constant of the complex molecules. The correctness of the above 
equations is supported by the experimental numbers given in the following 
table 


DISTRIBUTION OF BENZOIC ACID BETWEEN WATER 

AND BENZENE AT 10^ 


Cl. 

c*. 

Molecular 

cu 

Ci(l - a). 

m. 

• 

k'~ - 



Volume. 

Cj “ m. 

c* - 

0-0429 

0-1449 

568 

0-169 

0-0357 

0-0510 

0*0039 

0-0277 

0-0562 

0-2380 

434 

0-149 

0-0474 

0-0677 

0-1703 

00269 

0-0823 

0-4720 

290 

0-125 

00720 

0-1029 

0-3697 

0-028G 

0-1124 

0-8843 

217 

0-104 

0-1007 

0-1439 

0*7404 

0-0279 

0-1780 

2-1777 

137 

0-0866 

0-1626 

0-2323 

1-9454 

0-0277 

0-2430 

4-0544 

100-4 

0-0747 

0-2249 

0-3213 

3*7331 

0-0276 

0-2817 

5-4861 

80-6 

0-0696 

0-2621 

0-3743 

6*1108 

Mean . 

Q-0274 

0-0277 


» W. S. Hendrixaon, Z. anorgan. Chtm., 1897, 18, 73. 
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Applications of the Distribution Law.— From what has 
been said above it is clear that from a study of the ratio 
of distribution of a substance between two non-miscible 
solvents, the relative molecular weight of the substance in 
the two solvents can be determined. Further, from the 
change, if any, in the value of the partition coefficient with 
dilution, information can be obtained regarding changes in 
the molecular weight due to association or dissociation. 
Determinations of the distribution of a substance between 
two non-miscible solvents may also be employed for the 
investigation of various homogeneous equilibria, of wliich 
the following cases may be taken as examples : — 

1 . Hydrolysis oj Salts , — Since in the aqueous aoliitioo of a salt of a weak base 
and a strong acid» or of a weak acid and a strong baae^ there is an equilibrium 
between the salt, the free base, and the free acid, tliis equilibrium can b© calcu* 
lated from detornunations of the partition of the weak base or weak acid between 
water and another solvent, such as benzene or chloroform. 

Thus, if an aqueous solution of, say, aniline hydrochloride, which is partially 
hydrolysed into aniline and hydrochloric acid, is shaken with benzene, the free 
aniline will distribute itself between the water and the benzene in the ratio of 
the i>artition coefficient. Hence, from the concentration of aniline in the 
benzene s<ilution, the concentration of the free aniline, and from this the degree 
of hydrolysis, in the aqueous solution, can be calculated in the following 
manner 

The hyilrolysis of a suxlt is represented by the equation 

Salt + watery base +acid, 

and for all mixtures of acid and base, or of salt and water, the equilibrium is 
given by the law of mass action as /«| x = m3 x mi, where mj, m^, m3, 
are the concentrations of base, acid, salt, and water respectively. Since the 
concentration of the water can be regarded as constant, is constant, and 
k, mi may be put equal to K 

Let Cl = initial amount of hydrochloric acid. 

r2 = initial amount of aniline (or weak base). 

r = concentration in gram-equivalents per litre of the weak base in the 
aqueous layer. 

1' = coefficient of partition of the base between water and the other 
solvent, say, benzene. 

volume of benzene emploj^ed per 1000 ml. of water. 

W hen the equilibrium is established, and if there are c g. in 10 ^ ml- 

of the aqueous solution, there must be cqF g. in the benzene solution. Hence 
the total quantity of free base is c(l +7F). The initial amount of base was c*, 
hence there must be c^-cii +7F) g. of the base in the form of the salt (existmg 
in the aqueous layer only). The concentration of the salt is Uierefore 
>n,=c,-c(l +(7F). There must, of course, be an equivalent amount of acid in 
combination, and as the initial amount was c,, the amount of combined acid 
must be c,-e,+c(l+7F) g. As the ailt exists only in the aqueous layer 
(1000 ml. in volume), the concentration of the acid is <4 
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Substituting these values for -Ui. and m, in the above equation, one obtains 

c{c^ +9F)] = ^ . [Cj -C{1 4-7F)), 

,, cic, -c,+<;(l +?F)] 
c,-.c(l+^F) 

If the acid and base are taken in equivalent proportions, i.e., if one dissolves 
the salt in water, then = and mj=c, -Wj. Hence . (Cj-mi). 

Having obtained the value of K and knowing the value of Cj, one can calci^U 
the value of m,. The degrtje of hydrolyais, however, is the ratio of free base 
actual! V present to what would be present if no salt formation took place, t 6., 
if the whole of the base taken remained free. The degree of hydrolysis is 
therefore given by mje^ or the percenUgo hydrolysis by 100 

The following determinations of the degree of hydrolysis of anilme hydro- 
chloride may be given in illustration. ‘ The volume of benzene per 1000 ml. of 
water (f) may be taken as 59 ml. 


HYDROLYSIS OF ANILINE HYDROCHLORIDE AT 25® 


i>asc 

r. 

Initial Concen- 
tration of Acid 
and Base. 

Weight of 
Hydrochloride 
from 60 ml. 
of Benzene 
Solution. 

c. 

1 

Percentage 

Hydrolysis. 

Aniline 

10-1 

009969 

003138 

00806 

0-0406 

1 

0 00123 

0 000621 

1- 56 

2- 61 


2. Con^ft^ufion of Coinplex Halida /ous.— ^The reaction between bromine and 
bromides and between iodine and iodides can also be studied by means of 
distribution determinations.^ if a solution of bromine in carbon disulphide 
is shaken with water the bromine will distribute itself between the two solvents, 
and the concentration in the aqueous layer will bo, say, D gram-molecules per 
litre* On shaking the carbon disulphide solution with an aqueous solution of 
potaasium bromide containing A gram-molecules per litre, the concentration of 
bromine in the aqueous layer is found to be B gram-molecules per litre* The 
quantity (B - D) gram-moleculcs must therefore have combined with the 
bromide ion, the potassium bromide being regarded as completely ionised. If 
it be assumed that the ion is formed, there will be an equilibrium in the 
aqueous solution represented by the expression Br/^Br| + Bri. If, then. 


[Br/l-c»(B-D), 

[Br,l=c,=D. 


then, acoording to the law of mass action, 

[BrJ X [Br^l _ D[A - (B - D)] ^ e. 
[Br,T (B-D) 


» R. C. Farmer, J. Chem. Soe., 1901, 79, 863 ; R. C. Farmer and Warth, 
ibid., 1904, 85, 1713. 

* M. Roloff, Z. phyaikal. Chem., 1894, 18, 341 ; A. A. Jakowkin. ibid., 1896, 
90. 19 ; H. M. Dawson, J. Chem. Soc., 1901, 79, 238. 
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The constaocT of A\ calculated from the erporimental determinatioiia 
carried out bv Roloff at 32-6^, as indicated in the following table* confirms the 
accuracy of the above assumption. 


D. 

B. j 

A- 

K. 

U0261 

0*1111 

1 0-250 

0-0507 

0 0259 1 

0*0686 

0-12o 

0-0499 

0-0257 

00472 

0*0625 

0-04 90 


The reaction between ammonia and copper sulphate in aqueous solution may 
also be studied by means of distribution experiments.^ 


H. M. Dawson, J. Chtm. Soc., 1000. 89. 1060. 







CHAPTER XVII 


HETEROGENEOUS EQUILIBRIA. THE PHASE 

RULE 

The Phase Rule. — ^Although, as was pointed out in the 
preceding chapter, the law of mass action can be applied in 
the case of certain heterogeneous systems with the help of 
certain assumptions regarding the molecular state of the 
substances taking part in the equilibria, the mass law cannot 
be applied to very many heterogeneous equilibria when 
neither the number of different molecular aggregates nor the 
degree of their complexity is known. In 1874, however, 
Josiah Willard Gibbs enunciated the general theorem, 
usually known as the Phase Rxtlb, by which he defined the 
conditions of equilibrium in a heterogeneous system as a 
relation between the number of what are called the phases 
and the components of the system. » The phases of a system 
are the different homogeneous but physically distinct poi'tions 
which are marked off in space and separated from the other 
portions of the system by boundary surfaces. Tims, ice. watg? r, 
S i D , d watei "V Up o u t ^re three phases 

substftpce, water. Although a phage must be physically 
homogeneous, it need not be chemically simple. Thus, 
a gaseous mixture or a solution may form a phase. In the 
case, for example, of the system, sodium chloride — saturated 
solution — vapour, there are three phases, a solid, a liquid, 

liquid phase being a homogeneous mixture. 

The components of a system are not to be confused witli 
the conshtuents. As employed in the statement of the 
phase rule, components are defined as smaixest number 
tndependenUy variable constituents ivfr r c h the 


Of pw!Jd£x^ in the stale of equilib 

409 
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Thiis in the case of the system CaCOg ^ CaO + COg there are 
three constituents in equilibrium, but the number of com- 
pone^s^ only two ; and any two of the constituents may 
be selected as components. Thus, making, as is usual, the 
simplest choice, that of CaO and COg, one can express the 
composition of all the phases present by the following 
equations : — 

CaC 03 = Ca0+C02, 

CaO=CaO+0CO2, 

CO2 = 0CaO + CO2. 

It should always be borne in mind that it is the number, 
not the nature, of the components that is of importance. In 
any given system the number of tlie components is definite, 
but may alter with alteration of the conditions of experiment. 
At ordinary temperatures, water forms a one-component 
system ; but if the temperature is raised to such a degree 
that dissociation of the water vapour takes place, the system 
becomes one of two components, namely, hydrogen and 
oxygen. The number of components being fixed, the actual 
selection of the components is made on grounds of simplicity, 
suitability, or generality of application. 

The phase rule can be stated in the equational form 

F = C + 2-P, 
or F = n + 2— r, 

where C and n are the number of components, P and r are 
the number of coexisting phases, and F is what is known as 
the decree of freedom, or variance, of the system. By 
“ degree of freedom ” one means the number of variable 
factors, temi'>eralure, pressure and composition of the ph^esf 
which must be arbitrarily fixed in order that the condition of 
the system may be perfectly defined. 

Thus if one is dealing with one component existing in a 

single phase, w'e have 

F=l+2-l=2. 

'I'he system has two degrees of freedom and is said to be 
bivariant. For example, when a given mass of water 
exists solely as vapour, the state of the system is un- 
defined unless two of the variables— pressure, temperature, 

» Equilibrium may be influenced by electrical, surface, gravitational or 
other forces, but these aro excluded from consideration here. 
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concentration (or volume) — are fixed. At any given tem- 
perature the vapour can exist under different pressures and 
occupy different volumes ; but if two variables iftre fixed, 
e.< 7 ., pressure and temperature, then the volume is definite. 
The condition of the system is perfectly defined. 

On the other hand, if the system consists of the two phases, 
water and vapour, there is only one degree of freedom, or 
the system is univariant. If the temperature is arbitrarily 
fixed, the pressure under w'hich w'ater and vapour can 
coexist in equilibrium is also determined. At any given 
temperature, water has a certain definite vapour pressure. 
If the conditions are altered — if, for example, the volume of 
the vapour is diminished — a change in the relative amount 
of the phases, a so-called phase reaction., consisting in this 
case in a condensation of vapour to liquid, will take place 
and the pressure will remain constant. Continued diminu- 
tion of the volume will, of course, lead to the ultimate dis- 
appearance of the vapour. Conversely, if the volume is 
increased, liquid will pass into vapour until the equilibrium 
pressure for the given temperature is re-established. 

Finally, if there are three phases — ice, water, and vapour — 
coexisting in equilibrium, then the system has no degrees of 
freedom. It is invariant. Three phases of a one-component 
system can coexist in equilibrium only at one particular 
temperature and under one particular pressure ; and any 
variation of these factors will lead, by means of phase 
reactions, to the ultimate disappearance of one or more of 
the phases, and therefore to the destruction of the system. 

The nature of the phase reactions which will take place 
when the external conditions of a system in equilibrium are 
altered can be predicted by means of the theorem of Le 
Ghatclier (p. 277). Thus, if heat be added to a system in 
equilibrium, phase reactions will take place which are 
accompanied by absorption of heat ; and if heat is withdrawn 
from a system in equilibrium, reactions will take place which 
are accompanied by evolution of heat. Further, if the 
pressure on a system in equilibrium is increased, phase 
reactions will take place which are accompanied by a 
diminution of volume. 

It is important to remember that the phase rule applies 
oiUy to systems which are in true equilibrium, the chief 
criterion of which is that the same condition of equilibrium 
18 reached from whichever side it is approached. Thus, 



412 INTRODUCTION TO PHYSICAL CHE^VHSTRY 

water in contact with h3’drogen and oxygen at the ordinary 
teinperatnre does not form a true equilibrium. On changing 
tlie pressure and temperature continuously within certain 
limits there is no continuous change in the relative amounts 
ot tlie two gases : but on heating to a sufficiently high 
temperature tliere is a sudden change, and the system does 
not regain its original condition on being cooled to the 
initial temperature. 

'I’he pliase rule is a generalisation of the very highest 
importance, for it not onH’ gives the conditions under which 
heterogeneous equilibria can exist, but, resting as it does 
on a purely thermod\*namic basis,' it is independent of all 
hypotlieses and theories regarding the constitution of matter 
and the nature of chemical change. The classification, also, 
of s^'stems bj*’ means of the phase rule, according to their 
variance, enables one to understand why sj’steins which are, 
apparentU’, quite ditferent in nature, behave in a similar 
manner ; and it lias led to the recognition of otherwise 
unobserved resemblances between different systems. 

Deductioo of the Phase Rule.— If a substance exists in two different states, 
or in two diHerent phases of a system, equilibrium can occur only when the 
intensity factor of chemical energ>% or the chtmical potential, is the same. This 
potential depends not only on the composition of the phase but also on the 
temperature and the pressure (or volume). If, therefore, a system of C com- 
ponents exists in P phases, it is necessary to know the masses of (C — 1) 
components in each of the phases in order to fix the composition of unit mass 
of each phixse. As regards the composition, therefore, each phase possesses 
(C - 1 ) variables. Since there arc P phases, it follows that, as regards composition, 
the whole system possesses P(C — 1) variables. Besides these there are, however, 
two other variables, viz., temperature an<l pressure, so that altogether a system 
of C components in P ])hases possesses P(C - l)+2 variables. 

In order to define the state of a system completely it will be necessary to 
have as many equations as there are variables. If there arc fewer equations 
than there are variables, then, according to the deficiency in the number of 
the equations, one or more of the variables will have an undefined value; and 
values must be assigned to these variables before the system is entirely defined. 
The number of these undefined values gives the variability or the degree of 
freedom of the system. 

The equations by which the system is to be defined are obtained from the 
relationship between the potential of a compound and the composition of 
the phase, the temperature and the pressure. Further, as already sUxted, 
equilibrium occurs when the potential of each corn|K>nent is the same in the 
diflerent phases in which it is present. If, therefore, one chooses as standard 
one of the phases in which all the components occur, then in any other phase 
in equilibrium with it the potential of each component must be the same as 
in the standard phase. For each phase in equilibrium with the standard phase, 
therefore, there will be a definite equation of state for each component in 
the phase ; so that if there arc P phases, there will be for each component 
(P-1) equations, and for C components, therefore, there will be C{P — 1) 
equations. 

There are, however, as we have seen, P(C-l) + 2 variables, and as there 
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are only C{P-1) equations, there must be P(C - 1) + 2 -C{P - i) =C +2 - P 
variables undefined. That ia to say, the degree of freedom (F) of a system 
consisting of C components in P pluses is F = C + 2 -P. 


Systems op one Component 

From the equational statement of the phase rule it is 
clear tliat when there is only one component existing in 
one phase the maximum variance is 2. All systems of one 
component can therefore be perfectly defined by giving 
values to, at most, two variable factors ; and the equilibrium 
conditions can be most conveniently represented graphically 
by a system of rectangular co-ordinates, the axes of which 
are pressure and temperature (pf-diagram). In such a 
diagram, invariant systems w'ill be represented by points, 
univariant systems by lines, and bivariant systems by areas. 
In a one-component system 
more than three phases cannot 
coexist in true equilibrium. 

In Fig. 106 is given, by way 
of illustration, a diagrammatic 
representation of the equilib- 
rium conditions in the case 
of the substance water in the 
neighbourhood of 0° c. Since 
one component, capable of 
existing in the three phases, 
solid, liquid, and vapour, can 
form three univariant systems, 
we have, in Fig. 106, three curves representing the con- 
ditions under which ice and vapour (curve BO), water and 
vapour (curve OA), and ice and water (curve OC) respectively 
can coexist in equiUbrium. These curves are known as the 
sublimation curve, vaporisation curve, and curve of fusion 
respectively. The direction of these curves can, as has 
been pointed out (p 277), be predicted by the theorem of 
Le Chatelier ; and the rate of variation of the equilibrium 
with tempera^re or pressure can be calculated by means of 
the aausius-Clapeyron equation (p. 294). Owing to the 
fact that the meltmg of ice is accompanied by a diminution 
of volume, the melting-point of ice is lowered by increase 
o pr^sure (p. 295), and the curve OC, therefore, slopes 
towards the pressure axis. In those cases where melting is 
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accompamed ])y an increase of volume, the melting-point 
will be raised by increase of pressure, and the curve will 
slope away from the pressure axis. 

When the three phases, ice, water, and vapour, coexist 
in equilibrium, they form an invariant system. This system, 
therefore, can exist only at a definite value of the tempera- 
ture and pressure, represented by the point O (Fig. 106), 
which is known as a triple point, or point at which three 
phases are in equilibrium in a one-component sj-stem 
This point is, as one sees, the point of intersection of curves 
of three univariant systems. 


At one time it was thought that the curve for solid and vapour passed con- 
tinuously into the curve for liquid and vapour» but it foUows quite clearly 
from the Clapeyron equation, 

rdp _ q 
dT (Vf Vj)* 

that this cannot be so. For the transformation solid— ^vapour the value of g 
is greater than for the transformation liquid — ^vapour ; and since (Vj-Vj) is 

nearly the same in the two cases, it follows that ^ must bo greater in the 

former case than in the latter. That is, the curve for solid and vapour must, in 
the neighbourhood of the triple point, ascend more rapidly than the curve for 
liquid and vapour, and the two curves, therefore, must intersect. 


Owing to the fact that the triple point for soUd-liquid- 
vapour (S — L — V) represents the temperature at which 
these three phases are in equilibrium under the pressure of 
their vapour (4-6 mrh.), the triple point is not coincident 
with the normal melting-point of the solid, or the melting- 
point under atmospheric pressure (760 mm.). Since the 
melting-point of ice is lowered by nearly 0-008° by an increase 
of pressure of 1 atmosphere, the triple point must lie at 
about 0-008°, the melting-point of ice under atmospheric 

pressure being 0°. 


Owing to the smnll volume ch.tiige on fusion and the relatively large value 
of the latent heat of fusion of ice. the effect of pressure on the equilibrium tern- 
nerature i.s verv small. In the case of other substances the effect is greater and. 
as a general rule, increase of pressure by 1 atmosphere changes the melting-pomt 

The cmuparativelTshgl^^ effect produced by pressure on the temperature of 
oqumbriur is charaoterL^tic of all systems which are composed only of solid 
and licpiid phases. Such systems are called condensed systems. 


In Fig. 106 the three curves form the boundaries of three 
fields or areas wliich give the conditions of temperature and 
pressure under which the single phases, solid, Uquid, and 
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vapour, are capable of stable existence. These different 
areas, as marked in Fig. 106 , are regions of stability of the 
phase common to the two curves by which the area is 
enclosed. Since the curve for liquid and vapour ends 
abruptly at the critical temperature, the fields for liquid and 
vapour will flow into each other above this temperature. 

Uetastable States Equilibrium. — Although a crystalline 
solid cannot be heated above its melting-point without fusion 
occurring, a liquid can, with due care, be cooled below the 
melting-point of the solid without crystallisation taking 
place. The liquid is said to be supercooled. So long as the 
presence of the solid phase is carefully avoided, the super- 
cooled liquid can be kept indefinitely without solidifying ; 
and the system, supercooled liquid and vapour, behaves 
in every way like a stable system. So soon, however, as a 
small particle of the solid phase is brought in contact 
with the supercooled liquid, crystallisation takes place. 
A system which in itself is stable, and which becomes 
unstable only in contact with a particular phase, is said to be 
metaslable. Supercooled water, therefore, is in a raetastable 
condition. 

As has already been pointed out, the sublimation curve 
for ice ascends more rapidly than the vaporisation curve for 
water in the neighbourhood of the triple point. It follows, 
therefore, that if the vaporisation curve OA be continued 
downwards to temperatures below the triple point the 
continuation of the curve OA' must lie above the sublimation 
curve. In other words, the vapour pressure of a supercooled 
liquid (metastable system) must be higher than the vapour 
pressure of the solid (stable system) at the same temperature. 
This conclusion is confirmed experimentally, as the numbers 
in the table below show. 


VAPOUR PRESSURE OF ICE AND OF SUPERCOOLED 

WATER 


Tempera ture« 

Pressure in Millimetres of Mercury. 

Water, 

Ice. 

Difference. 

0“ 

4*S79 

4-579 

0*000 

— 2^ 

3052 

3-404 

3-879 

3-277 

0-073 

0-127 

— 

2-509 

2-322 

0-187 

— 10® 

2-144 

1 

1-047 

0-197 
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Tlie behaviour may be generalised. In a one-component 
system the vapour pressure of a metastable phase is, at a given 
temperature, greater than that of the stable phase. 

Polymorphism. — It has already been mentioned that a 
substance may frequently exist in more than one crystalline 
form, possessing different physical properties. According 
to the definition of phases (p. 409), each of these polymorphic 
forms constitutes a separate phase of the particular substance, 
and, consequently, the number of possible systems which 
may, in such a case, be formed ma}’ be considerably increased. 

Since in a one-component system there can never be 
more than three phases in true equilibrium, two different 
crj’^stalline forms of a substance can coexist in stable 
eqiiilibrium only with vapour or with liquid, not with both 
vapour and liquid. Two new triple points, therefore, become 
possible, namely, Sj — Sg — V and Sj — Sg — L, where Si and S 2 
denote the two different crystalline forms. 

Transition Point. — Just as the triple point S — L — V is 
the point of intersection of two univariant curves S — V 
and L — V, so the triple point Sj — Sg — V is the point of inter- 
section of the two cur^'es Sj — V and S 2 — V. Below the 
triple point only one of the solid phases (Sj) can exist in 
stable equilibrium with vapour ; above the triple point only 
the other solid phase (S 2 ) will be stable. The triple point 
Sj — S 2 — V is therefore a point at wdiich the relative stability 
of the two solid phases undergoes change. If more than 
two crystalline forms are capable of stable existence, other 
triple points, e.g., S 2 — S 3 — V, will be possible. 

The triple point Sj — Sg — V is also the point of intersection 
of a third curve, that for the system Si — 82 - Since this is 
a univariant system, the temperature at which the two solid 
phases can coexist will depend on the pressure. When the 
pressure is the atmospheric pressure, the temperature at which 
the two solid phases can coexist, and at which the relative 
stability undergoes change, is known as the transition point. 

In the following table is given a short list of pol 3 Tnorphic 
substances and the temperatures of the transition point : 

Substance. Transition Point. 


Ammonium Nitrat<^— 

a rhombic — ^ p-rliombic . 
p-rhombic — > rhombohcdral 
Rbombobedral — > cubic • 
Mercuric iodide . 

Sulphur . . . • 

Tin 


32 - 3 ® 

84-2® 

125-2® 

12c® 

95 - 5 " 

13 ® 
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The influence of pressure on the temperature at which two solid phases can 
coexist in equilibrium, or the influence of pressure on the transition point, can 

be calculated by means of the Clapeyron equation Since the 

passage of the form stable at lower temperatures into the form stable at higher 
temperatures is accompanied by absorption of heat, q is positive. If, further, 

is positive^ then ^ will be positive, and the transition temperature 

will be raised by increase of pressure. If. however (Vj-Uj) is negative, the 
traosiUon temperature will be lotvtred by increase of pressure. Thus the 
transformatloQ of a^rbombic into p*rbombic ammonium nitrate is accompanied 
by an increase of volume, while the transformation of p-rhombic into rhombo* 
hedral ammonium nitrate is accompanied by a decrease of volume. In the 
former case the transition point is raised, and in the latter case it is lowered, 
by increase of pressure, as is shown by the following numbers 


a- r bombio ^ 'f ho m bic. 


^•rhombic — >-rhombohedral. 


Pressure in Kilograms 
p>er Square Centimetre. 

Temperature. 

Pressure in 
Atmospheres. 

Temperature, 

1 

320« 

1 

SS-SS" 

200 

38-6* 

100 

84 •38” 

COO 

62 -O* 

200 

83 03” 

800 

00-8* 

250 

82-29'’ 


Enantiotropy and Monotropy. — In the examples of poly- 
morphism just considered, each crystalline form is stable 
throughout a definite range of temperature and is capable of 
undergoing reversible transformation into another crystalline 



Fro. 107. 


form at a definite temperature, the transition point, which 
h^ below the melting-point of the substance. These 
different pairs of crystalline forms are said to be enantiotropic 
and the phenomenon is spoken of as enantiotropy. 

X4 
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In the case of an enantiotropic substance, the equilibrium 
p;-diagram will be of the type shown in Fig. 107. Curves 
I and II are sublimation curves for the two crystalline 
forms and O 3 is tlie transition point. Og is the melting-point 
of the crystalline form stable at temperatures above the 
transition point. The dotted lines represent metastable 
equilibria, O^ being the (metastable) melting-point of the 
crystalline form stable at temperatures below the transition 
point O3. 

Another behaviour, how'ever, can also be observed. In 
the case of a mimber of polymorpliic substances, it is found 
that onlj'^ one of the solid forms is stable at all temperatures 
up to the melting-point, the other form being metastable. 
In this case no transition point is realisable under atmos- 
pheric pressure, and transformation of the crystalline forms 
can take ])lace only in one direction. Such behaviour is 

spoken of as monoiro-py, and the 
crystalline forms are said to be 
monotropic. The two crystalline 
forms of benzophenone wliich melt 
at 26® (metastable) and 48° (stable) 
respectively are monotropic. The 
conditions which obtain here will 
be understood from the diagram 
(Fig. 108). The full-drawn curves 
Temperature are the sublimation curve of the 

stable form and the vaporisation 
curve of the liquid. O 2 is the 
triple point S — L — V. The dotted lines represent metastable 
systems, Oj being the melting-point of the metastable solid 
and O 3 the hypothetical transition point. 

Law of Successive Reactions. — In preparative chemistry 
it is very frequently observed that when a substance is 
formed in a reaction it appears first not in its most stable 
form but in a metastable form, which then, more or less 
rapidly, passes into the stable condition. This behaviour, 
which was called by Wilhelm Ostwald the law of successive 
reactions, is observed with especial ease and frequency m 
organic chemistry, where it is often found that when a sub- 
stance is thrown out from solution it is first deposited as a 
liquid or as a metastable crystalline solid, which passes 
later into the form stable at the particular temperature. 

This prior formation of the less stable form can be readily 
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demonstrated, for example, by means of p-bromoacetanilide 
or by 2 : 4-dibromoacetanilide. These compounds separate 
out from solution as a voluminous mass of needle-shaped 
crystals. When left in contact with the mother liquor, 
however, these crystals change in time into the more stable 
compact crystalline form.' 

The Equilibrinm Diagram of the Substance Water. — As a 
result of the investigations carried out, more especially by 
Gustav Tammann, Professor of Physical Chemistry in the 
University of Gdttingen, and by Percy W^illiams Bridgman, 
at Harvard University,^ it has been established that water 



can crystallise not only in the form of ordinary ice but also 
in no fewer than four other enantiotropic crystalline forms 
the different forms being designated as ice I (ordinary ice)’ 
ice II, ice HI, ice V, ice Vl.a It foUows, therefore, that 
quite a number of stable systems can exist besides that 
alr^dy discussed between ordinary ice, water, and vapour • 
and a immber of other triple points will be found at whicli 
three phases coexist in equiUbrium. The behaviour found 


‘ ^ttoway and I^mbert, J. Chem. Soc., 1915, 107. 1760. 

’ iammaxiD, AnnaUn d. PhyMk. 1000. r41. 2. 1 . y 

1912 ! 47 , ^ 

o' '-m. i=o ly. have not 
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in the case of the substance water is represented graphically 
in Fig. 109, the values of pressure and temperature corre- 
sponding with the different triple points being shown in the 
following table : — 


Point. 

System. 

Temperature. 

Pressure Kilograms 
per Square Centimetre. 

B 

Ice I — icc III — liquid 

-220‘’ 

2115 

E 

Ice I — ice II — ice III 

-34-7* 

2170 

C 

Ice III — ice V — liquid 

- 170® 

3530 

F 

Ice II— ice III— ice V 

-24-3® 

3510 

D 1 

Ice V — ice VI — liquid 

+ 016® 

6380 


Sulphur. — Sulphur exists in two well-kno\vn enantiotropic 
crystalline form.*, rhombic and monoclinic. ^ Rliombic 



sulphur is the stable form up to the transition point 95-5°, 
and above this temperature monoclinic sulphur is ^able. 
In Fig. 110 is given the equilibrium diagram for the different 
systems of sulphur as determined by Tammann, which, 
althougli not quite accurate, represents qualitatively the 

relations which exist. 

* Other cryBtalline (orn... arc also hncnv,,. I.ut they will not be considered 
here. 
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Point O is the triple point for rhombic sulphur — mono- 
clinic sulphur — ^vapour, and is therefore the point of 
intersection of the three univariant curves, — V, S^on— V, 
and Srt — S„on* At the triple point reversible transformation 
of rhombic and monoclinic sulphur can take place, these two 
forms of sulphur being mantiotropic. Both forms, however, 
may be obtained in the metastable state, and transformation 
to the stable form may take place w'ith great slowness. The 
curves AO, OB, and BE represent the vapour-pressure curves 
of rhombic sulphur, monoclinic sulphur, and liquid sulphur 
respectively.' B, therefore, represents the triple point for 
monoclinic sulphur — liquid — vapour (119*3°). 

Curve OC is the tr&nflition curve and represents the change of the transition 
point with pressure. Since the passage of rhombic into monoclinic sulphur is 
accompauied by an increase of volume = 0*01 396 ml. per gram)» it follows 
that the transition point is raised by increase of pressure (p. 295). From the 
value of tv and the beat of transformation, 3*12 cal. per gram, the value of 

jfp 

can be calculated. Thus, for an increase of pressure of 1 atmosphere 
dp 

(1033*3 g. per sq. cm.), we have, since 1 cal. —42,670 g.-cm., 

j,p_368*5x 0*014x1033 ^ 

3*12x42670 

The transition point is raised 0-04* by an increase of pressure of 1 atmosphere. 

Since sulphur melts with increase of volume, the melting- 
point is raised by increase of pressure. The fusion curve 
BC, therefore, slopes to the right. Since the transition 
curve also slopes to the right and to a greater extent than the 
fusion curve, these two curves must cut at a certain pressure 
and temperature. The point of intersection lies at 151° and 
a pressure of 1320 kg. per sq. cm., or about 1288 atmos- 
pheres. This, then, forms another triple point at w’hich 
rhombic and monoclinic sulphur are in equilibrium with 
liquid sulphur. It is represented in the diagram by the 
point C. Beyond this point, monoclinic sulphur ceases to exist 
in a stable condition. At temperatures and pressures above 
point C, rhombic sulphur will be the stable modification. 

Uetastable Systems. — On account of the slowness with 
which transformation of one crystalline form into another 
takes place, it has been found possible to beat rhombic 
sulphur up to its melting-point, 112*8°, and one thus obtains 
a metastable triple point for L— V (point 6). The 

r <?^*. 1908. 68. 209; West and Menzies. 

J. Phy«. Chem„ 1929, 88, 1880. 
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metastable fusion curve has also been realised. This curve 

must pass through the triple point C, and beyond this point 
'll becomes a stable fusion curve. 

As can be seen from Fig. IIO, the triangular area OBC 
represents the conditions for the stable existence of mono- 
clmic sulphur. Tlie existence of this form of sulphur 
therefore, is limited on all sides. 

The metal tin is also capable of existing in two 
crystalline forms, known as white tin and grey tin. The 
former is stable above and the latter is stable below the 
transition point, which lies at 13 °. Owing to the fact that 
grey tin is less dense than white tin, the surface of the latter, 
on undergoing transformation into the former, becomes 
covered with a number of warty masses. On account of 
the appearance which is thus produced, the transformation 
of tin was called by Ernst Cohen, Professor of Physical 
Chemistry in the University of Utrecht, the tin plague.” 

Liquid Crystals or Anisotropic Liquids. — A large 
number of substances, with long molecules, e.g., 
cholesteryl acetate (CH3.COOC2,H45) and p-azoxyanisole 
{CH3O.C4H4.NON.CgH4.OCH3), have been discovered which 
possess the peculiar property of melting sharply, at a definite 
temperature, to milky liquids which, on being further 
heated, suddenly become clear, also at a definite temperature. 
The turbid liquids so obtained w’ere found to be anisotropic, 
and were therefore called liquid crystals or crystalline liquids. 
Since, how'ever, it has been found that the molecules in these 
turbid liquids are not arranged in a crystal lattice but 
parallelwise, it is better to use the term anisotropic liquids. 
The term mesomorjihic slate has also been suggested. 

Various types of the mesomorphic state are beliered to exist, of which the 
two most important are the nenuUic (or fibrous) and the smectic (or soapy). In 
the nematic type the molecules are arranged so that their axes are parallel, 
but without any other regularity of arrangement. In the smectic type, how- 
ever, the molecules arc regarded as being arranged in layers as well as with their 
axes parallel.' 

Since the changes from crystalline solid to anisotropic 
liquid and from anisotropic liquid to isotropic liquid are 
reversible, the equilibrium conditions can be represented 
by a diagram similar to that employed in the case of 
enantiotropic substances, e.g., sulphur. Thus, in Fig. Ill, O 
is the triple point for solid, anisotropic liquid, and vapour, and 


^ Seo Trane. Faraday <Soc., 1933, 29, 881. 
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B is the triple point for anisotropic liquid, isotropic liquid, 
and vapour, B corresponds, therefore, to the melting-point 
of a crystalline solid. 

Curves OE and BD ^ 
are the transition 
and fusion curves 
respectively. In the 
case ofp-azoxyanisole, | 

O lies at the tern- 2 
perature 118*3°, and i 
B at the temperature 
135*9°. Increase of 
pressure by 1 at- 
mosphere raises the 
transition point by 
0*032° and the melt- Temfx:r<jture 

ing-point by 0*0485°. Pio m. 

Curves OE and BD, 

therefore, both slope to the right, the latter to a greater 
extent than the former. 



Experimental Determination o! the Transition Point— In the discusaion of 

I poljmorphio forma, equality of vapour pressure was taken as the 
condition for the stable coexistence of two crystalline forms of a 
substance. One is not, however, dependent on measurements of 
vapour pressure for the determination of transition points. When 
i one crystalline form passes into another there is an abrupt change 

; in the vario^ physical properties, e.g.. density, and any method 

;l by which this abrupt change can be detected may bo employed 

- I for the determination of the transition point. 

• fcl !• Dtioiomeirie Hcihod.—ThQ change of density or specific 

I volume can be determined by means of the dilatometer (Fig. 112). 

|l This consists of a bulb with capillary tube, and forms a sort of 

I latge thermometer. A quantity of the substance to bo examined 

eI is mtroduced into the bulb through the tube B, which is then sealed 

■ 1 L The rest of the bulb and a short portion of 

4 eI the^ capillary are filled with some liquid which is without chemical 
U ^ action on the substance. The dilatometer is placed upright in a 
T n bath, the temperature of which can be slowly raised or 

4® temperature is slowly raised the rise in the level 
( I bquid will^ be practically uniform, but on passing through 

I A the transition point there will be a moro or less sudden change 
m the rate of rise of liquid, owing to the change of volume of the 
I solid. 

I • . AfclAed. — ^The transition point is the point of 

VTo the solubility curves of the two crystalline forms. 

Tnermomclric Afe/Aod. — ^This method depends on the fact that 
•BVr, 1 1 A ®“”8® from one system to another on passing through the transition 
Fiq. 112, Mint IS accompanied by a heat effect— absorption or evolution of 
rata of temperature of the system to fall slowly the 

OwincTtAfiiA/ b® fairly uniform until the transition point is reached. 
Uwing to the fact that heat is evolved when the crystalline form stable at higher 
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temperatures passes into the form stable at lower temperatures, there will bo a 
more or less well-marked “arrest” on the cooling curve at the transition point. 
This method is specially suitable in the case of metab. 

4. Colori/neiric Method . — In some cases, e.g., mercuric iodide, the different 
crystalline forms have different colours. A small quantity of the substance 
may be placed in a thin-walled melting-point tube attached to the bulb of a 
thermometer and placed in a heating bath. On slowly rabing the temperature 
through the transition point a change of colour will be observed. 

5. Electrometric Method . — ^Thb method is applicable to metab, e.g., tin, and 
to polymorphic forms of salts of metals. If a voltaic cell b constructed with 
white tin and grey tin as electrodes, and a solution of ammonium stannic 
chloride as electrolyte, grey tin will be the positive pole at temperatures below 
the transition point and white tin will be the positive pole at temperatures 
above the transition point. At the transition point the two electrodes will 
have the same potential, and no current will flow through a wire joining the 
two electrodes. 


Systems of Two Components 

When one applies the phase rule F = C + 2~P to systems 
of two components it is seen that the existence of four 
phases in equilibrium is necessary in order to give an in- 
variant system. Two components in three phases constitute 
a univariant, two components in two phases a bivariant 
system. Whereas, in the case of one-component systems, 
the variance cannot exceed 2, in the case of two-component 
systems there may be a variance of 3. Two components 
existing in only one phase constitute a tervariant system. 
In addition to the pressure and temperature, therefore, a 
third variable factor must be chosen, and as such there is 
taken the concentration of the components in a phase or in 
phases of variable composition. In systems of two com- 
ponents, not only the pressure and temperature but also the 
composition of the phases may alter. 

Since a two-component system may undergo three 
independent variations, a system of three co-ordinates in 
space would be required for the graphic representation of 
all the possible conditions of equilibrium. In most cases, 
however, it will be found sufficient to consider the changes 
brought about in a system by variation of only two of the 
variable factors, the third factor being regarded as constant. 
Thus, one may represent the relationship between pressure 
and temperature, the concentration remai^g constant 
(«f-diagram) ; or one can consider the variation of con- 
centration or composition with temperature, while the 
pressure remains constant (<c-diagram) ; or, lastly, pressure 
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and composition may be taken as the variables (pc-diagram). 
Use will be made of such diagrams in what follows. 

The System Solid — Gas. — When calcium carbonate is 
heated, dissociation takes place into calcium oxide and carbon 
dioxide and gives rise to the equilibrium CaCOs ^ CaO + CO 2 . 
Since the system is one of two components, CaO and COg, 
and since there are three phases present, namely, two solid 
phases (CaCOa and CaO) and one gaseous phase, the sj’^stem 
must be univariant. If, therefore, the temperature is fixed, 
the pressure of the gas will also be defined ; that is, to each 
temperature there will correspond a certain maximum 
pressure of carbon dioxide {dissociation pressure), and the 
system will therefore behave like the one-component 
system, liquid — vapour. If the temperature is maintained 
constant, increase of volume of the system or reduction of 
the pressure will cause the dissociation of a further amount 
of the carbonate until the pressure again reaches the 
equilibrium value. Diminution of volume, similarly, will 
bring about the combination of calcium oxide and carbon 
dioxide. 

The experimentally determined values for the equilibrium 
pressure of the system CaCOg^CaO -fCOg were given on 
page 399. 


Salts with Water o! Crystallisation. — In the dehydration 
of crystalline salts containing water of crystallisation, one 
meets with a behaviour 



14 A 
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DISSOCIATION PRESSURES OF COPPER SULPHATE HYDRATES 


Temp. 

1 

CuSO^, 5HjO 
CuSO*. 3 h7o + 2H,0. 

CuSO«, 3H,0 
CUSO 4 , Hlb + 2H,0. 

CuSO«, H,0 
CuSO^HjO. 

25“ 

7-8 mm. 

5*6 mm. 

0*8 mm. 

30“ 

11-6 



35“ 

16-5 „ 

il'8 mm. 


40“ 

23-2 „ 

^ 4 ^ 


46“ 

32-8 „ 

22-1 mm. 

• 4 * 

50“ 

45-4 „ 

30-9 „ 

4*5 mm. 

80“ 

260 1 „ 

1831 „ 

% 9 4 


Similarly, the other two possible univariant systems, 

CUSO 4 , 3H20^CuS04, B.sP + 2H^O, 

CUSO4, H2O ^ CUSO4 + H2O, 

will also possess a deSnite vapour pressure at a given tem- 
perature, as is indicated by the curves B and C in Fig. 113 
and by the numbers in the above table. 


To the dissociation pressure of a salt hydrate one may apply the equation 
(p. 100), where q is the beat of dissociation (heat absorbed) per 

gram •molecule of water vapour. Since, for the vaporisation of pure water we 
have the espressiOD, where L is the latent heat of vaporisation 

per gram>molecuIe, it follows that 


dT RT* 


(q - L) represents the heat of combination of the salt with I gram-molecule 
of Liquid water (heat of hydration). 

The beat of dissociation of a compound may be calculated or be obtained 
by a graphic method, as in the case of heat of vaporisation (p. 99). 


The phase rule also throws light on the behaviour of an 
anhydrous salt during hydration. If, at the temperature 
represented by D (Fig. 113), one adds water vapour to 
anhydrous copper sulphate contained in an exhausted vessel 
the pressure will rise without formation of hydrate taking 
place, because at pressures below the curve C only the 
anhydrous salt can exist. When the pressure of the vapour 
is increased to E, however, the hydrate CUSO 4 , HgO will 
begin to be formed, and as there will now be three phase^ 
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present, namely, CuSO^ ; CUSO4, HgO ; and water vapour, 
the system is univariant ; and since the temperature is kept 
constant, the pressure must also be constant. Continued 
addition of vapour will result merely in the phase reaction 
CuS04 + Hg 0 — )-CuS04, H2O taking place. When the 
anhydrous salt has entirely disappeared, t.e., has passed into 
the monohydrate, the system again becomes bivariant and 
the pressure increases, as shown by the line EF, as more and 
more water vapour is added. At F the hydrate CUSO4, 3H2O 
is formed, and the system again becomes univariant, the 
three phases present being CUSO4, HgO ; CUSO4, SHgO ; and 
vapour. Since the temperature is constant, the pressure 

P 

mm. 

46*4 

30-9 


4-5 

5 4 3 2 1 0 

Hatio in solid 

CuSO^ 

Fio. IW* 



will remain constant until the monohydrate has all been 
converted into the trihydrate. The pressure wiU then rise 
with ad^tion of water vapour untU point G is reached, when 

the pentahydrate will be formed and the pressure will once 
more become constant. 


Conversely on dehydratmg CuSO*, SHgO at constant 
temperature (say, 60 "), it would be found that the 
pressure would remain constant at the value of 

‘he system 
3H2O— vapour, until aU the penta- 

‘he trihydrate remained 
would fh' ® (hne AB, Fig. 114). Further removal of water 

^ ‘o ‘he pressure 

(30 9 mm.) of the system CUSO4, SHjO— CuSO*. HaO— 
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699 


vapour, at which value it would remain constant (line CD) 
until the trihydrate had passed into the monohydrate 

(at D), when a further sudden 
diminution of the pressure would 
occur. The line of constant pressure 
EF gives the value of the vapour 
pressure (4*5 mm.) of the system 
CUSO 4 , HjO— CUSO 4 — H 2 O at 50°. 

It will be clear from the previous 
discussion that if the partial pressure 
of the water vapour in the air is less 
than the dissociation pressure of a 
salt hydrate at the same tem- 
perature, the salt hydrate will give 
up all or part of its water 
of hydration. The hydrate will 
effloresce. 


E 

E 

A. 


16 


42 


B 


i 


i 


2 I 

Fio. 115. 


A behaviour similar to that shown by calcium 
carbonate and by the hydrates of copper sul* 
phatc will also be shown by other compounds 
which can dissociate into a solid and a gaseous 
phase. Thus, Fig. II.) gives the isothermal 
pressure-composition diagram for the two com* 
ponents NHj and AgCI at 10-3^. Here the lines A, B, and C represent the 
equilibrium pressures of the systems 

AgCl, NHj^AgCl + NHa, 

2AgCl. 3NH,^2(AgCl, NHjl+NHj. 

2(AgCl. 3NH,)^2AgCl, 3 NH 3 + 3 NH, 

respectively.* 


Constancy o! Vapour Pressure and the Formation of 
Compounds. — ^The study of the isothermal j^c-diagram of two 
component systems which form only solid and gaseous phases 
is of very great importance, because a means is thereby given 
of deciding whether the gas phase enters into combination 
with the solid phase or only undergoes adsorption or solution. 
Thus, when compounds are formed which dissociate with 
formation of a solid and a gaseous phase, there is a step-wise 
change in the equilibrium pressure when the gas phase is 
added to or withdrawn from the system at constant tem- 
perature. By this method the existence of oxycarbonates 
of lead and magnesium has been established,^ and Wilder 


> See also A. B. Hart and J. R. Partington. J. Chem. Sx.. 19«, 104. 

*M. Centnerszwer, G. Falk, and A. Awerbuch, Z. phrjsikal. Chem.. 1925, 

116, 29. 
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D. Bancroft,* of Cornell University, employed the method 
in studying reactions between proteins and hydrogen chloride. 

When no compound formation takes place between a 
solid and gaseous phase, but only adsorption or solution, a 
continuous curve will be obtained, because there will never 
be more than two phases present — a solid solution and a gas. 
At constant temperature, therefore, the system will be 
univariant, or the pressure will vary with the composition. 
Only in the case where two partially miscible solid solutions 
are formed, which may possibly occur with palladium and 
hydrogen, will a stepped curve be obtained in the case of 
solution formation. 


Solutions 

In all the oases which have been considered so far, the 
different phases consisted of a single substance of definite 
composition, or were definite chemical individuals. Systems, 
however, will now be studied in which one or more homo- 
geneous phases of variable composition are present in 
equilibrium. To such phases of variable composition there 
is given the name solution, a solution being defined 
as a homogeneous mixture, the composition of which can 
undergo continuous variation within the limits of its 
existence. 

The term solution is not restricted to any particular 
physical state of the substances, so that one may have 
solutions of gases in gases, in solids or in liquids ; of liquids 
in liquids or in solids ; of solids in liquids or of solids in 
solids. The definition of a solution, moreover, draws no 
distinction between solvent and solute, these being names 
applied to the two components when one or other of them is 
present in relatively large amount. 

Liquid-Gas Systems. Solutions of Gases in Liquids. — 
When a gaseous component is passed into a liquid component, 
absorption or solution takes place to a greater or less extent, 
and a point is at length reached when the liquid absorbs 
no more of the gas ; a condition of equilibrium is attained, 
and the liquid is said to be saturated with the gas. Since 
there are two components and only two phases in equilibrium, 
the system is bivariant, and two of the variable factors, 

* J. Phya. Oherru, 1630, 84, 449, 763, 
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pressure, temperature, and composition of the solution, 
must be chosen in order that the condition of the system 
may be defined. Thus, if the temperature and the pressure 
are given definite values, the composition of the solution, 
or the concentration of the gas in the solution must have 
a definite value. 

As the phase rule indicates, the solubility of a gas in a 
liquid will vary with the pressure, and the general effect of 
pressure on the solubility can be predicted by means of the 
theorem of Le Chatelier. Since the absorption of a gas is in 
all cases accompanied by a diminution of the total volume, 
this process must be favoured by increase of pressure. This 
prediction is stated in a quantitative manner in the law 
enunciated in 1805 by the English chemist, William Henry 
(1775-1836), and known as Henry's Law. This law states 
that the amount of a gas dissolv^ by a given amount of a 
liquid at a given temperature is proportional to the pressure. 
Since the volume of a gas is inversely proportional to the 
pressure, Henry’s law may also be stated in the form : The 
volume of a gas absorbed or dissolved by a given volume of a 
liquid is independent of the pressure. The experimental 
numbers given in the following table ' illustrate this law : — 


SOLUBILITY OF CARBON DIOXIDE IN WATER AT 25° 


Pressure in Milli* 
metres of Mercury. 

Volume of Ga8> Measured under 
the Experimental Conditions, 
Dissolved by 1 Volume of Water. 

Volume of Gaa, Measured 
at N.T.P., Dissolved by 
1 Volume of Water. 

271 

0-825 

0-270 

495 

0-825 

0-492 

765 

0-826 

0-751 

927 

0-826 

0-922 

1211 

0-825 

1-205 

1350 

0-824 

1-343 


The extent to which a gas is dissolved or absorbed by a 
liquid at a given temperature is best expressed in terms of 
the solubility coefficient {S) or the volume of gas, measured 
under the conditions of the experiment, dissolved by one 
volume of the liquid. Sometimes, how'ever, the absorption 
is expressed in terms of the absorption coefficient (a) introduced 
by Bunsen. This is defined as the volume of gas, reduced to 
N.T.P., dissolved under the pressure of 1 atmosphere by 1 

* A. Findlay and B. Sben* Chttn. Soc.^ 1912» 101, 1469. 
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volume of liquid. For the relation between the solubility 
and absorption coefficients, one has the expressions = 


and 


a 


S . 273 
“ T 


where T is the absolute temperature at 


which absorption takes place. For gases which obey Henry’s 
law, the value both of the solubility coefficient and of the 
absorption coefficient is independent of the pressure. 

Although Henry’s law holds fairly accurately in the case 
of slightly soluble gases, marked deviations are found in the 
case of very soluble gases, e.g., ammonia, hydrogen chloride. 
These deviations are no doubt to be attributed to chemical 
reaction between the components. 

Under constant pressure the solubility of a gas will vary 
with the temperature, and it has been found that the 
solubility diminishes with rise of temperature. This is 
illustrated by the values of the absorption coefficients given 
in the following table : — 


Temperature. 

Carbon 

Monoxide. 

Carbon 

Dioxide. 

1 

Oxygen. 

Nitrogen. 

Qo 

00334 

1-713 

0-0489 

0-0239 

10** 

0-0282 

1-194 

0-0380 

0-0196 

20* 

0-0232 

0-878 

0-0310 

0-0164 

30* 

0-0200 

0-6C5 

0-0261 

0-0138 

40* 

0-0178 

0-630 

0-0231 

0-0118 


Solubility of a Uistoie of Gases. — Systems which consist 
of a liquid component and more than one gaseous component 
are, of course, no longer two-component systems. It will, 
nevertheless, be convenient to treat such systems here. 

When one is dealing with a gas mixture the pressure 
under which each constituent of the mixture is dissolved is 
its partial pressure p and not the total pressure of the gas P. 
If the percentage amount, by volume, of a given gas in a 

mixture is x the partial pressure is given hy p = ^ ^ ; and 
the amount (volume at N.T.P.) of each gaseous component 

dissolved is given by the expression V = ? ' ^ where a is 

. 760 

tne absorption coefficient, v is the volume of the Uquid, and 
p 18 the partial pressure of the component. When a gas is 
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shaken with a volatile liquid, one understands by the total 
pressure, not the external barometric pressure but the 
external pressure less the vapour pressure of the liquid. 


Example.— A mixture, coasisting of 79*0 per cent, of nitrogen, 20*96 

per cent, of oxygen, and 0*04 per cent, of carbon dioxide by Tolume, is shaken 
with 100 ml. of water at 20®, the e.^temal pressure being 760 mm. of mercurj*. 
Calcol.ate the amount (volume at N.T.P.) of each gas absorbed^ The vapour- 
presjsnre of water at 20® = 17*5 mm. 

The pressure P»760 - 17*5 =742*5 ram. The partial pressure of nitrogen 

is X 742*3 = 586*6 mm.; that of oxvceD. x 742*5 = 155*6 mm. ; and 

100 • ® lOO 

0*04 

that of carbon dioxide, x 742*5 = 0*297 mm. The absorption coefficients 

of the three gases being 0*0164, 0*0310, and 0*878 respectively, the amounts of 
the three cases absorbed (volumes at X.T.P.) will be 


Xitroccn : 


0.^ygen : 


0 *0104 X 100 X 586 *6 


700 

0*0310 X 100 * 155*6 


— . = 1 *260 ml. =63*43 per cent- 


t urbon dioxide : 


70u 

0*S7S X 100 X 0*297 
TOO 


=0*635 


= 0*034 


= 32*81 


= 1*70 


. 1*935 ml. 


The gas mixture expelled on boiling the solution will be found to have a 
conip<''sition in harmony with that calcuUted. 

Owing to the fact that the solubility of a gas is propor- 
tional to its partial pressure, a dissolved gas, e.g., ammonia, 
can be removed, say, from aqueous solution, by bubbling an 
indifferent gas. e.j?.,' nitrogen, tlirough the solution. Since the 
partial pressure of ammonia in the bubble of nitrogen is zero, 
ammonia will diffuse into the bubble and be carried away. 
A similar explanation can be given of the expulsion of a dis- 
solved gas by boiling the solution. In this case the bubbles 
of vapour take the place of the bubbles of indifferent gas. 

Systems formed of Two Liquid Phases.— ^Yben two 
liquids, e.g.. phenol and water, which are only partially 
miscible at the ordinary temperature, are shaken together, 
two saturated solutions will be obtained which coexist in 
equilibrium, namely, a solution of phenol in water and a 
solution of water in phenol. These coexisting solutions are 
known as conjugate solutions. Since the pressure is constant 
(atmospheric pressure), the two liquid phases constitute a 
univariant system, and the composition of the phat^es 
therefore vary with the temperature. As the temperature 
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PHENOL AND WATER 

Cl and <7, are the percentage amounts of phenol by weight in the hoo layers. 


Temperature. 

C,. 

c*. 

20* 

72-16 

8-36 

30* 

69-90 

9-22 

35* 

67-63 

9-01 

54-83* 

59-22 


57-30* 

• •• 1 

14-87 

62-65* 

61-87 

a ♦ a 

62-74* 

» a • 

19-35 

66-24* 

44-09 

a a a 

65-79* 

♦ ♦ • 

30-21 

65-84* 

34-23 

32-23 


is raised, the mutual solubility of the phenol and water 
increases. Consequently, the concentration of phenol in 
the aqueous layer and the concentration of the water in the 
phenol layer increase, and at a certain temperature the two 
conjugate solutions become 
identical. At this point 


solution, and the tem- 
perature at which this 
occurs is called the 
critical solution tempera- 
ture or the consolute tem- 
perature. 

The solubility data for 
phenol and water are 
given in the above table, 
and represented graph- 
ically in Fig. 116. 

The critical solution 
temperature is found to lie 
at 66*85® and the critical 
concentration is 34*0 per 
cent, of phenol. At all 



Flo. 110. 


temperatures above the critical solution temperature, 
phenol and water are miscible with each other in all 
proportions. 

When the temperature and total composition of a 
phenol-water mixture are represented by a point within 
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the equilibrium curve, the mixture will separate into two 
conjugate solutions ; but when temperature and composition 
are represented by a point outside the curve, only one 
homogeneous solution wdll be formed. 

In the case of phenol and water, the mutual solubility 
increases wdth rise of temperature and the critical solution 
temperature is found in the direction of higher temperatures. 
In some cases, how'ever, e.g., in the case of triethylamine 
and water, the mutual solubility increases with lowering 



Besides those pairs of liquids which show an upper and 
those wliich show a lower critical solution temperature, 
other pairs are known which show both an upper and a 
lower critical solution temperature, and the equilibrium curve 
takes the form of a closed curve. Thus, in the case of water 
and nicotine, the equiUbrium curve for which is shown in 
Fig. 118, there is a low'er critical solution temperature at 60 , 
and an upper critical solution temperature at 210*. Betw'een 
these two temperatures, mixtures of water and nicotme 
represented by a point within the closed curve will separate 

into two liquid layers. 


In some cases it is found that pairs of Uquids which, under atmospheric 
pressure, give curves exhibiting only a lower or an upper critical solution 
temperature, give closed-ring curves when the pressure is mcreased. 
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an paAxo 

and Ctbor, no critical suiuuuu in^uib is ic<maa uw av i.ciii|;ciatuic<» uviuw 
cntical point of the solutiona* when the system ceases to be beterogencous. 

Influence of Foreign Substances on the Critical Solution Temperature* — For 
a given pressure the critical solution temperature is a perfectly defined point* 
It is* however, altered to a very marked extent by the addition of a third 
substance (impurity) which dissolves either in one or in both of tbe partially 
Doiscible liquids Although these systems aro really three -com po neat systems, 
tbe effect of small additions of a substance to a system of two liquid components 
is of such practical importance 
that a brief discussion of the 
regularities observed may be 
given here* 

When tbe third substance 
dissolves in only one of the tioo 
liquids tbe mutual eolubility of 
the latter is diminished, * and 
the temperature at which the 
system becomes bomogeneous 
is raised, in the case of systems 
having an upper critical solution 
temperature, and lowered in the 
case of systems having a lower 
critical solution temperature. 

The elevation (or the lowering) 
of tbe temperature depends not 
only on the nature and amount 
of the added substance but 
also on tbe composition of tbe 
system* In the case of water 
and phenol the critical solution 
temperature is raised 12^ by 
tbe addition of 1*09 per cent, 
of potassium chloride to tbe 
mixtxire of critical composition. 

Owing to the fact that the 
influence of the added sub- 
stance on the temperature at 
which a liquid-liquid system 

depends on the composition oi the system, the 

Mudibn^ ct^o becomes distorted, and the maximum temperature is no 

“ which the two liquids are present in amounts 
coriWTOndmg ^th the cntical composition (Fig. 119). 

BohSn autotMce diiaolvta in both liquids the effect on the critical 

'7? depend on the relative solubiUty of the added substance 

Siner c V- solubility in the two liquid is very different, an 

aolution temperature may stiff be raised, and a lower critical 

the add^3S^“‘'^ be lowered, although to a much less extent than when 

hotJver components. When. 

or^^tL m«f?? substance in the two liquids is of the same 

an unner so ubOity of the two ffquids will be inoreo^d. ConsequenUy, 

Sutfon tempemture will be lowered, and a lowercritickl 

very lartre 'ThiiA flff rawd. ^ some cases the effect produced may bo 

uhenal # ®,^ddition of only 0*98 per cent, of sodium oleate to a water- 

W M solution temperature 

Umv I ^ industrial produSion of 

diain&ctants. solutions of tar ooids (phenols and cresola) used as 



Fio. 119. 
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The great sonsilivenesa of the critical solution temperature to impurities 
has found application not only in analytical chemistry for distinguishing between 
related substances, such as diiTorent oils and fats, but also as a delicate test for 
the purity of a liquid. 

Vapour Pressure of Two Volatile Liquids. — When two 
volatile liquid components are in equilibrium with vapour, 
the behaviour observed will depend on whether (1) the two 
liquids are miscible in all proportions, (2) are only partially 
miscible, or (3) are immiscible. 

( 1 ) When the two components are miscible in all pro- 
portions, €..g., alcohol and water, the number of phases 
cannot exceed two, and such a system, therefore, will be 
bivariant. If only one variable has a definite value given 



Ethylene Molof Propylene 

bromide Composition bromide 

Fio. 120. 


to it the system will be univariant. Thus, if the tem- 
perature is maintained constant, the (vapour) pressure will 
vary with the composition of the liquid solution ; or if the 
composition of the solution is fixed the pressure will vary 


with the temperature. 

When one investigates the isothermal pressure- 
composition curves of mixtures of two completely miscible 
liquids, three types are found : (a) the vapour-pressure 

curve is a straiglit line joining the vapour-pressure values ot 
the pure components (Fig. 120) ; (6) the vapour-pressure 

curve passes through a maximum (Fig. 121) ; (c) tbe vapour- 
pressure curve passes through a minimum (iMg. 1 ). 

In the case of two Uquids which are chemicaUy closely 
related— e.j/., benzene and toluene, chlorobenzene and 
bromobenzene, ethylene dibromide and propylene dibromide 


‘ J. von Zawiclzki. Z. phy^ikal. CHetn.. 1900, 35, 129. 
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— ideal solutions are formed and the partial vapour pressure 
of each component is proportional to its molecular coucentra- 
iton in the mixture. The vapour _ 

pressure of the mixture P is 

therefore given by the formula £ \ 

100P=a:.P„+(100-a:) .Pj, | Jc 


5r mixtur? 






•^ne 


Alo/or 

Composition 
Fio. 121. 




where and Pi, are the vapour 
pressures of the two liquids 

respectively, and x is the a. 

molecular percentage of com- 
ponent a. vf 

In the case of liquids w'hich / 
are not closely related chem- / \ 

ically, the solutions which are f \ 

formed are no longer ideal, and 
the partial pressure of each Composition 

component is not proportional 
to its molecular concentration.^ 

In such oases the curve of total vapour pressure may show a 
maximum, as in the case of acetone and carbon disulphide 
^ (Fig- 121), water and 

propyl alcohol, ethyl 
Q alcohol and chloroform ; 
\ or it may exhibit a 

'^***y^ minimum, as in the case 

vjJv' acetone and chloro- 

I form (Fig. 122), water 

i hydrogen chloride, 

* water and nitric acid. 

^✓Vr Boiling-point Curves. 

— If fhe pressure is 
maintained constant and 
x. equal, say, to the at- 

mospherio pressure, the 

Acetone Mo/or CHCJa temperature at which 

Composition the vapour pressure of 

Fio. 122. the system is equal to the 

,, - ... atmospheric pressure, 

t.c., the boihng-point of the solution, will vary with the 
composition. The curve showing this variation is the 
ooiling-pomt curve. 

• See also K. Fredenhagen. Z pkyitil-al. Ckem.. 1941, B. 43. 219. 


of 




&y 




Acetone 


Molar 

Composition 
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When the curve of total vapour pressure shows neither 
a maximum nor a minimum, the boiling-point curve will also 
show neither a maximum nor a minimum ; and the boiUng- 
points of all mixtures will be intermediate between the 

boiling-points of the pure 
components, as in the case 
of mixtures of chlorobenzene 
and bromobenzene (Fig. 
123). The curv’e will not 
be rectilineal, but will show 
a curvature which will be 
all the greater the more 
widely the boiling-points 
of the components are 
separated. When a solution 
wliich gives such a boiling- 
point curve is distilled, the 
vapour (distillate) will be 
richer than the liquid in the 
component of higher vapour 
pressure (or lower boiling-point), and the boiling-point will 
rise as distillation proceeds. By repeated fractional dis- 
tillation of such a solution, or by distillation through an 
efficient stillhead, a complete 
separation of the two com- 
ponents may be effected.* 

This behaviour will be 
understood more clearly from a 
consideration of Fig. 124, wdiich 
represents diagrammatically the 
composition of the vapour in 
equilibrium with the liquid 
mixture. From this it is seen 
that at any given temperature 
the liquid mixture is in equili- 
brium with a vapour w'hich is 
richer in the component of lower boiling-point. If, therefore, 
a liquid mixture, a, is distilled, a distillate of composition 
a‘ will pass over and the boiling-point of the liquid will rise. 
When the temperature has risen and the composition of the 
liquid has altered to a point corresponding to 6, the com- 
position of the vapour passing over will alter to correspond 
' Soe S. Young, Dislillaiion Princi'pltA and Processes (Macmillan J. 
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to the point 6'. If the distillation is interrupted at this 
point, the distillate will have a composition intermediate 
between a' and b'. If this distillate is now distilled it will 
begin to boil at a temperature corresponding, say, to c, and 
the distillate will have a composition represented by c'. 
By repeated fractional distillation, therefore, distillates will 
be obtained wliich approach more and more closely in 
composition to the pure component A. of lower boiling-point, 
and the composition of the residual liquid will approach 
that of the component B. 

By carrying out the distiUatioD with an efficient stillbead, tlie necessity of 
coUectiog the distillate in fractions is avoided. When diatitlaiion is in progress, 
a temperature gradient is established along the stillhead and, on passing up- 
wards, the vapour which condenses is increasingly rich in the more volatUe 
component. Under theoretically perfect conditions the pure component of 
lower boiling-point drops from the condenser, and the component of higher 
boiling-point is left in the still. 

When the vapour-pressure curve of the liquid solution 
passes through a maximum the boiling-point curve will 
pass through a minimum, and when the vapour-pressure 
curve passes through a minimum the boiling-point curve 
will show a maximum. In such cases a separaticni of the 
aolviion into its pure components cannot be effected by distil- 
lation, but only a separation into one or other of the components 
and a mixture of definite composition. Such a mixture, which 
boils unchanged at constant temperature under constant 
pressure, is known as an azeotropic mixture.^ 

The behaviour which is observed in such cases will be 
understood from the boiling-point curve of mixtures of water 
and propyl alcohol under atmospheric pressure (Fig. 125). 
^ Fig. 125 the lower curve gives the composition of the 
hquid solution and the upper curve the composition of the 
vapour phase which is in equilibrium with the liquid. * The 
minimum point corresponds to a mixture containing 71*69 
per wnt. of propyl alcohol by weight, the boiling-point of 
which 18 87-72*. It is clear from the curves that in the 
case of solutions containing less than 71-69 per cent, of the 
alcohol, the vapour is richer in the alcohol than the Uquid, 
^1 ^ case of solutions containing more than 

^ per cent, of the alcohol, the vapour phase is richer 
m Water than the liquid. If on© distils a solution of 

to * “egative particle), {ze6. to boil), and T,,tirw (trep6, 

• See S. Young and Miaa E. C. Fortey, J. Chem. Soc., 


1902 , 81 . 717 . 
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composition a, tlie vapour which first distils over will have the 
composition represented by a', and as distillation proceeds, 
the composition of the solution changes towards c and 
the composition of the distillate towards c'. If the distilla- 
tion is stopped when the composition of the liquid is that 
represented, say, bj* the point c, the total distillate will have 
a composition intermediate between a' and c', and will be 
represented, saj% by the point d : that is, the distillate will 
contain a higher percentage of propyl alcohol than the 
initial liquid. On distilling a small fraction of this liquid 
mixture, similarly, a distillate approximating in composition 
to d' will be obtained ; and so, by repeated fractional 



Per Cent of Propyl Alcohol by Weight 

Fio. 125. 


distillation, the mixture of minimum boiling-pomt will 
ultimately be obtained as distillate ; the residues from the 
distillations will have become richer in water, and so one may 
ultimately effect a nearly complete separation into water 

and the mixture of ininimum boiling-point. 

Similarly, if one starts with a solution of composition b, 
the successive fractional distillates will become incr^singly 
rich in water until the composition of the minimum boilmg- 


point mixture is again reached. v 

The mixture of minimum boiling-point will boil unchanged 
at constant temperature so long as the pressure remains 
unchanged. 7'/ie composition of the constarit boihng-point 

mixture, however, varies with the pressure. 

Mixtures of acetone and chloroform, water and hydrogen 
chloride, and water and nitric acid, etc., give boihng-point 
curves which show a maximum. In the case of water and 
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nitric acid ^ the mixture of maximum boilinrj-poinl contains 
68-2 per cent, of acid, and boils under atmospheric pressure 
at 121-7"'. When a more dilute solution is distilled, the 
distillate will be relatively rich in water and the residue 
will become richer in acid ; the temperature of distillation 
will rise, and a residue having the composition of the constant 
boiling mixture will ultimately be obtained. If a more 
concentrated acid is distilled, the distillate will be relatively 
rich in acid, the residue will become more dilute, the boOing- 
point will rise, and a residue having the composition of the 
constant bo ilin g mixture will be obtained. 

As in the case of mixtures of minimum boiling-point, so 
in the case of mixtures of maximum boiling-point, the 
composition varies with the pressure. 


SeparatiOD of the Constituents of an Azeotropic Mixture. — Since two liquids 
which form an azeotropic mixture cannot be completelj separated by distillation 
at constant pressure, other means must be employed. Since the composition of 
an azeotropic mixture depends on the pressure under which dbtilJation takes 
place, a separation of the constituents can be effected, to some extent at least, 
by distilling the mLxture under different pressures. The method, however, would 
be a very tedious one. In some cases, t.g., the azeotropic mLxture of ethyl 
alcohol and water (9S-57 per cent, of alcohol and 4-43 per cent, of water), one 
of the constituents (water) can bo removed chemically (by means of quicklime). 
Another method which niaj^ be employed in the case of ethyl alcohol and water, 
and in certain other cases. Is to add to tho binary mixture a third liquid which 
form^ with the other two, a ternary azeotropic mixture containing all, or 
practically all of one of the constituents of the binary mixture. Thus, if benzene 
is added in appropriate amount to tho azeotropic mixture of ethyl alcohol and 
water, a ternary azeotropic mixture (consisting of 18-5 per cent, of alcohol, 
7'4 per cent, of water, and 74-1 per cent, of benzene, and boiling at 64-86*) 
is formed. On distilling the ternary mixture, separation takes place almost 
completely into the ternary azeotropic mixture (distillate) and absolute ethyl 
alcohol (residue). The alcohol can be recovered from the azeotropic mixture 
by addmg water, whereby two liquid layers are formed. Of these, the aqueous 
layer consists almost entirely of alcohol and water, and by distilling this solution 
uie binary aMotropic mUture can be obtained. This is then treated as described.* 
- Partially Miscible Liquids.— When two componenu form 

t'!? liquid phases and one vapour phase the system is univariant : 

“ fixed, the condition of the system is completely 
^ the teniperature is maintained constant, tho vapour pressure 
phases will be definite. Addition of one or other com- 

Sf tb« fJdn. j aiwut a phase reaction and an alteraticn 

“ amounto of the two liquid phasM. 

pressure-composition curves can be obtained. In some cases 
nrLI?^^ solutions may be greater than the vapour 

^on'Pononts 5 in other cases it lies between the 

BolSSn« ® system of two conjugate 

lonv ns rba distillate of constant composition will be obtained so 

S o liquid phdses aro presents Changes in tho relative niiiounts of 


Gifcfions. Franklin Inst., 1916, 179, 161. 
Sydney Young. J. Chem. Soc., 1902, 81, 707. 
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the two liquifj phases, however, may take plaee with the ultimate disappearance 
of one of the phases. Uno is then left with a system of two phases, one liquid 
and one vapour jihase, which %vill behave in the manner alrea<ty discu.sscd. 

Vapour Pressures of Mixtures of Immiscible Liquids. 
Distillation with Steam. — When two immiscible liquids 
coexist with vapour, three phases are present and the system 
is imivariant. 'I’he vapour pressure, therefore, will vary 
witli the tomperature. If the temperature is maintained 
constant, the vapour pressure will also have a definite value, 
and u ill be equal to the sum of the vapour pressures of the 
two liqui<ls. U’lion sficlt a system is distUIed under constant 
(atmospheric) pressure, a distillate of constant composition 
will be obtained so long as the two liquid pliases are present. 
If pi and P 2 vapour pressures of the two liquid.^ at 

the tomjierature of the boiling-point of the mixture, the 
volumes of vapour which distil over will be proportional 
to these vapour pressure.s. Since the mass is given by 
volume X density, and since the densities of the vapours are 
proportional to the molecular weights, the ratios by weight 
in whicli the two liquids will distil over will bo 

The behaviour outlined above is utilised in the process of 
distillation with steam. A mixture of water and nitrobenzene, 
for example, may be taken as boiling at 99"* under ordinary 
atmospheric pressure (7G0 mm.). At this temperature the 
vapour pressures of water and of nitrobenzene are 733 mm. 
and 27 mni. respectively. Since the molecular weight of 
water is 18 and that of nitrobenzene 123, tlxe relative weights 
of these .substances in the distillate will be 

Weight of water _ 18 x 733 _ ^ 

W'eight of nitrobenzene 123 x 27 

liic percentage amount of nitrobenzene in the distillate will 
tlierofore he 29 •! per cent. 

Steam distillation is frequently employed in the purifica- 
tion of organic compounds of high molecular weight {e.g., 
essential oils), the high molecular weight of the compound, 
relatively to that of water, more than compensating for the 
low value of the vapour pressure. A relatively larger yield 
of compound in tlie distillate is obtained by distilling at a 
higher temperature by means of steam under a pressure 
greater than atmos])heric. 

Equilibrium between Solid and Liquid Phases Only.— 
Two-component systems in which only solid and liquid 
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phases coexist are among the most important in the whole 
range of heterogeneous equiUbria. The interest and im- 
portance of the investigation of siicli systems lie in the deter- 
mination not onl 3 ’ of the conditions for the stable existence 
of the participating substances but also of the conditions 
under which chemical combination (if an^-} takes place 
between the components. From such investigations one 
may ascertain the nature of any compounds formed and the 
range of their existence. In the systems to be discussed 
here it will be assumed that the components are completely 
miscible in the liquid state. 


(a) The Pure Components only occur as Solid Phases 

Since the two components in the liquid state are miscible 
in all proportions, there can never be more than one liquid 
phase, namely, a homogeneous mixture or solution of the 
two components. Since, also, only the pure components 
can occur as solid (crystalline) phases, the only systems 
possible are Sj — L, S 2 — L, and — S 2 — L where Sj and 83 
represent the crystalline components and L the liquid 
solution.^ 

A system which consists of only two phases, — L or 

^ill he bivariant. If the pressure is given a definite 
value, say, atmospheric pressure, then the system will be- 
come univariant, or the composition will vary with the 
temperature ; or, if the temperature is fixed, the com- 
position wiU vary with the pressure. On the other hand, 
the system Sj — Sg — L is univariant, and if the pressure is 
faxed, the system wiU be entirely defined. Under a given 
pr^sure the system Sj— Sg— L can exist only at a single 
defamte temperature, and the composition of the liquid 
phase wiU also be definite. If, therefore, the equilibria 
be represented in a temperature-composition diagram, the 
systems S, L and Sg— L will be represented by curves, and 

^ in Fig. 126. In 

t^s ^agram the pomts A and B represent the melting-points 
of the pum components. Since the freezing-point of a Uquid 

that another substance in it, it foUows 

that if a quantity of the component B is dissolved in molten 

pointed out. when the BoUd com- 
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(or liquid) A, the teinj)eiature at which solid A will be in 
equilibrium with tlie solutiou will be below the freezing- 
point of pure A ; and the greater the concentration of B 
in the liquid the lower will be the temperature at whicli A 
can exist in equilibrium with it. 

Tlie curve AC re{>resents the composition of solutions 
which are in equilibrium at different temperatures with the 
solid component A : ami the curve BC, similarly, the com- 
position of solutions in equilibrium with solid B. At tlie 
point C, wliere tlie two curves cut, both solid components can 

exist in equilibrium with a 
liquid solution of definite 
composition, represented by 
the point C. Point C, there- 
fore, gives the conditions of 
temperature and composi- 
tion of the liquid phase 
under which the system 
Si — S 2 — L can exist in 
stable equilibrium under 
constant pressure.* This 
point, as is clear from the 
diagram, lies at a lower 
temperature than the melting- 
point of either component. It is, in consequence, called a 
eutectic point (from the Greek, eu tectos = ea.sy melting). 

At all temperatures Ijdng above the cur\’’es AC and BC, 
the two components can exist only as a homogeneous liquid 
solution, and at all temperatures below the eutectic horizontal 
DD', only the solid components or mixtures of the solid 
components can exist as stable systems. When the tempera- 
ture and composition are represented by a point in the area 
ACD, the system will consist of solid A in equilibrium with a 
liquid solution represented by a point on the curve AC. 
Similarly, points in the area BCD' give the conditions 
temperature and composition for the coexistence of solid B 

and solution. . . , 

If a liquid solution having a composition representeU 

by a point lying to the left of the eutectic point C be 

cooled down, the solid component A w’lll crystalhse out 

(super-saturation supposed excluded) when the temperature 

reaches the point on the curve AC correspondmg to the imtiai 

‘ The position of point C will, of coarse, be altered by pressure. 
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composition of the solution. If the temperature be allowed 
to fall still farther, more and more of the component A will 
crystallise out, and the composition of the solution will alter 
in the direction C. When the composition of the point C is 
reached, solid B, also, can begin to cryscallise out. If one 
continues to withdraw heat from the system, solid A and 
solid B will separate out together, and the temperature toill 
remain constant. Since the composition of the solution 
must also remain constant, because point C represents an 
invariant system when the pressure is constant, it follows 
that the components A and B must crystallise out from the 
eutectic solution in constant proportions. Although, therefore, 
the eutectic solution freezes at constant temperature, the 
solid which separates out is not a compound but a mixture 
(or conglomerate) of ttoo solid phases in definite proportions. 

On the other hand, if a liquid mixture having a com- 
position represented by a point lying to the right of the 
eutectic point be cooled down, the solid component B will 
separate out, and the composition of the solution will change 
in the direction of C. When this point is reached, solid A 
will also crystallise out, and the temperature and com- 
position of the solution will now remain constant while the 
solid components A and B crystallise out as a eutectic 
conglomerate. 


On cooling down a liquid mixture which has the com- 
position represented by the point C, no solid will crystallise 
out until the temperature of the eutectic point is reached. 
At this temperature the eutectic mixture will separate out. 

The diagram which has just been studied is generally 
called the freezing-point diagram because it shows the 
temperatures at which the solid components crystallise out 
from molten mix tures. When one of the components is a 
liquid at ordinary temperatures one of the curves is often 
spoken of as a solubility curve. 

The method employed for the determination of the 
equilibrium curves will depend on the nature of the system 
to be investigated. Where one of the components is a 
volatile hquid (c.p., water) at ordinary temperatures, the 
composition of the solution may be determined by evapora- 
tion of the liqmd and weighing the solid residue. When 
both components are soUd at ordinary temperatures the 
^^e of the equihbnum curves can best be established by 
determimng the freezmg-points of homogeneous liquid 
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mixtures of different initial composition, or the temperatures 
at wiiicli the solid piiase begins to crystallise out from the 
liquid mixture. The mapping of the freezing-point curve is 
facilitated by a studj' of the cooling curve. 


\Vhen a pure substance in the fused state is allowed to cool slowly, nn*l tho 
temperature noted at different times, the graphic representation of the rate of 
cool i no will give a continuous curve, ab in Fig. 127, I. When the freezing- 
point is reache<i, solid will begin to separate out, and the temperature will remain 
constant until the liquid has completely solidified. The fall of temperature will 
then become uniform again (cd). 

If, however, a solution is allowed to cool slowly, and the cooling curve simi- 
larly determined, heat will be evolved when the solid phase is formed, and the 

rate of cooling w*ill alter. 
The cooling curve will there- 
fore exhibit a break or abrupt 
change of direction at the 
freezing-point of the solution 
(point 6'). Since the com- 
position of the solution alters 
with separation of the solid 
phase, tho temperature will 
not remain constant but 
will gradually fall until the 
eutectic point is reached. A 
second solid phase is now 
formed, and the system 
becomes invariant (the 
pressure being constant). 
The temperature will there- 
fore remain constant until 
complete solidification has 
occurred (line c'd ). Thereafter, the fall of temperature again becomes uniform 
(dV). The points A, 6', and c\ at which a “break” occurs in tho cooling 
curve, are called “arrests ” or “ arrest points” on the cooling curve. The 
above method of mapping the freezing-point or equilibrium curve is employed 
especially in the case of mi.vtures of metals. 

Equilibrium diagrams of the typo shown in Fig. 126 are given by many pairs 
of components. Among organic compounds one may mention o-nitrophenol 
(m.n., 441"^) and n-toluidin© (m.p., 43-3®) : Eutectic point, 16 6^ ; composition, 
52 molecules per cent, of toluidine. Copper (m.p., 1081^) and silver (m.p., 960 ), 
eimilarlv, give a eutectic at 778^, the eutectic solution conUmmg 40 atoms per 
cent, of copper. A similar diagram is also given by water anti silver nitrate 
(m.p. 208*0^). The eutectic point lies at — 7*3^, and at the composition, 47-1 
per cent, of silver nitrate. It may be mentioned that in the case of aqueous 
systems the eutectic point is generally <?ftUed the cri/o7iydric pointy t^^ mtro- 
cluced in 1875 by tho English physicist, Frederick Gutluie (1833-86), who 
thoucht that the* eutectic mixture of ice and salt which separates out m 
definite proportions was a compountl to which he gave tho general name of 

err/ohydratc. 



Polymorphism of Components. — In the case of two- 
comnonent systems in wlucU the pure components only occur 
as solid phases, the equilibrium curves AC and BC (Fig. 126) 
must be continuous so long as the solid phase in equilibrium 
with the liquid mixture remains unchanged. If, however, 
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the solid component can exist in enantiotropic, polymorphic 
forms, the equilibrium curve will show a “ break ” at the 
transition point, for at this point two solid (polymorphic) 
phases will coexist with liquid. This sj^stem, therefore, will 
be invariant, since the pressure is constant. The “ break ” 
in the equilibrium curve is, of 
course, a point of intersection 
of two equilibrium (solubility) 
curves, namely, those for 
each enantiotropic form in 
equilibrium with solution. The 
determination of such points 
of intersection is a valuable 
method of determining the 
transition point of enantiotropic 
crystalline forms. 

Thus, in the case of the system 
water — silver nitrate, the equilibrium 

curve for eotid silver nitrate in contact with solutions shows a break of 160% 




FiOs 129. 


solid phase (solute) in a definite 

oiSv of the cutves SO obtained represent portions 

an/ mL ^uihbnum diagrams of the particular components. 

JSubK 0 ^X 1 forms 08 shown in Re. 129. ‘^The d.Veciion of the 

-^fiether heat is evolved or absorbed when the solid 
pause M dueolved »n a large amouni of the almoet saturated eolufion. This is the 
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8o«called last heat of solution, and is not to be confused with the integral heat of 
solution (p. 268). If the last heat of solution is positive (heat evolved)* the 
solubility will diminish with rise of temperature ; but if the last heat of 
solution is negative, the solubility will increase with rise of temperature 
(theorem of Le Chatelier), 

(b) Compounds are Formed with a Congruent Melting-point 

When two components can form a stable compound 
whicli is capable of existing as a solid phase in equilibrium 
with a liquid phase of the same total composition, and which 
possesses, therefore, what is called a congruent melting-point, 

a third equiUbrium 
B curve (for compound 
in equilibrium with 
liquid solution) must 
be added to the 
two curves discussed 
on page 444. More- 
over, since the com- 
pound has a definite, 
congruent melting- 
point, and since this 
melting - point will 
be lowered by dis- 
solving in the liquid 
phase either of the 
pure components, 
it follows that the 
melting-point of the compound must be a maximum point on 
the equilibrium curve. The equilibrium diagram, therefore, 
takes the general form shown in Fig. 130. In this diagram, 
A, B, and D are the congruent melting-points of component 
A, component B, and of the compound A^B^ respectively. 
Curve AC gives the composition of liquid solutions of A and 
B in equilibrium at different temperatures with the component 
A as solid phase ; curve BE gives the composition of solutions 
in equilibrium with component B as solid phase ; and cuiwe 
(IJDE gives the composition of solutions in equilibrium with 
the compound A^B,, as solid phase. C and E are eutectic 
points at which eutectic conglomerates of A and -^xB, and 
of B and A*B^ respectively can coexist in contact solu- 

tions of definite composition. The melting-point D oi the 
compound may be higher or lower than that of either com- 
ponent, or it may have an intermediate position. 11 more 
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than one compound with congruent ^Iting-point can be 
formed, a series of curves similar to CDE will be obtained 
one for each compound. In ea^h case the maximum point 
of the curve gives the composition of the compound. -Lhis 
fact is of much importance, because in many cases, e.p., ot 
alloys, it is not possible to isolate and analyse the compoun(^. 

if the compound were completely undissociated even in 
the vapour phase, as is the case with the compound of 
pyridine and methyl iodide, the equUibrium curve for the 
compound would not be a continuous curve, but the melting- 
point of the compound D would be the point of intersection 
of two curves. Ordinarily, however, dissociation does take 
place in the liquid phase, and one is then dealing with a 
mixture of molecules the composition of which varies con- 
tinuously with the temperature. The equilibrium curve, 
therefore, must also be continuous. The greater the degree 
of dissociation of the compound the greater will be the 
flattening of the crown of the equilibrium curve. 

Examples of systems which form compounds with con- 
gruent melting-points are : phenol (m.p., 40*4^) and 
a-naphthylamine (m.p., 48*3'’), which form a compound 
containing the components in equimolecular proportions 
and melting at 28-8® ^ ; gold and aluminium, which form 
several compounds * ; and water and ferric chloride, which 
form no fewer than four stable compounds (hydrates), namely. 


FegCIe. 12H2O ; FegCljHjO ; Fe2Cl6,5H20 ; and FeaClg, 4H2O. 

The equilibrium diagram is shown, in part, in Fig. 131. 
The dotted lines represent metastable (super-cooled) solu- 
tions. The points C, E, G, and J are the melting- 
points of the hydrat^ I2H2O, 7H2O, SHgO, and 4H2O 
respectively ; and the points D, F, H, and K are eutectic 
points at which the solid phases I2H2O and THgO, 7HgO 
and SHgO, SHgO and 4H2O, 4HgO and anhydrous salt 
respectively coexist with solution. 


When a solution^ represented by the point (Fig* 131), is cooled down it 
will solidify to a mixture of the hydrates 12^0 and TH^O ; and the solution 
on being cooled down, will deposit the dodecahydrate, and the compositiou 
of the solution will alter towards the point D. When this point is reached, the 
hydrate 7H^O will also separate out. When the mixture, represented by is 
cooled down, the liquid will solidify completely as dodecahydiate ; and when 


IS 


^ J* Philip. J, Chem. Soc,t 1903, 83, 82L 
* Heycock and Neville, PhiL Trans.. 1900, 104, 20L 
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the mixture .Ti is cooled down, dodccahydrate will be deposited, the compositioo 
of the solution will alter in the direction of B, and when this point is reached 
complete solidification will take place to a mixture of dodecahydrate and ice. 



Fjq. lai. 


Inevaporable Solutions. — If a saturated solution in equilibrium with two 
hydrates, or with a hydrate and anhydrous salt is heated, the temperature and 
composition of solution will remain unchanged so long as the two solid phases 
are present, for such a system is invariant (under constant pressure). In addi- 
tion, however, the quantity of the solution will also remain unchanged, the water 
which evaporates being supplied by the phase reaction : higher hydrat e > lower 
hydrate + water. The same phenomenon is 
observed at eutectic points at which ice is 
a solid phase ; so long as the ice is present, 
evaporation will bo accompanied by fusion 
of tbe ice, and the quantity of solution t 
will remain constant. Such solutions are B 
called uievaporabU* ^ 

E 

(c) Compounds are formed vnth 
Incongruenl Melting-point 

When a compound is formed 
which undergoes decomposition 

with formation of another solid Composition 

phase at a temperature below Pjo_ 132 . 

the congruent melting-point 

of the compound, the equilibrium diagram assumes the 
general form shown in Eig. 132. In this diagi’am the 
compound is represented as undergoing change into pure 
component B and liquid at the point E, which is called an 
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iTicangruent mdlifig-point. This point represents the limit of 
existence of the compound under the particular constant 
pressure which is assumed. If a series of compounds can 
be formed, some of these may have a congruent and some 
an incongruent melting-point. Each congruent melting-point 



Fig. 133. 

will be represented by a temperature maximum, and each 
incongruent melting-point by a break in the curve. 

As an example of the formation of compounds with an 
incongruent melting-point, one may consider the systems 
constituted by the two components water and sodium 
sulphate. This salt can form the two hydrate, Na^SO^, 
lOH^O and Na2S04, 7H2O ; and the anhydrous salt can 
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exist in two enantiotropic cr 3 'stalline forms, rhombic and 
monoclinic. The equilibrium diagram is shown in Fig. 133 . 
The curve AB is the freezing-point cur\"e, or the curve 
showing the composition of solutions in equilibrium with 
ice at different temperatures. B is the cryohydric (eutectic) 
point. BE is the solubility curve of sodium sulphate 
decalij'drate, the solubility increasing with rise of tempera- 
ture. At 32*4°, w’hen the solution contains 33-20 per cent, 
of anh 3 ’’drous salt, the decah 3 'drate changes into anli 3 ’^drous 
salt and water. E represents a transition point or incon- 
gruent melting-point. If heat is added to the system the 
temperature and composition of the solution remain constant 

and the phase reaction Na 2 S 04 , lOHgO »-Na 2 S 04 -i- lOHgO 

takes place. When all the hydrate has disappeared, one 
obtains a univariant S 3 ’’stem rhombic sodium sulphate and 
solution. The solubility curve for rhombic anh 3 'drous sodium 
sulphate (EF) shows a minimum at about 125®, and ends at 
F (234*), the pressure at this point being 27-5 atmospheres. 
At F, transition of rhombic to monoclinic sodium sulphate 
takes place, and the solubility of the latter decreases with 
rise of temperature (curve FP). P is the critical point of the 
solution. 

Sodium sulphate heptahydrate is metastable w'ith respect 
to the decah 3 'drate, and can give rise only to metastable 
S 3 'stems. Its solubilit 3 '^ at a given temperature is greater 
than that of the decah 3 '^drate, as shown by the dotted curve 
CD. C is a metastable eutectic point and D a metastable 
transition point. 


(d) Formation of Solid Solutio7is 

It is observed that, in some cases, there cr 3 ’stallises from 
a solution not the pure components or compounds of these, 
but a homogeneous ciystalline mixture of the two com- 
ponents, the composition of which varies with the 
composition of the solution from which it separates. To 
this homogeneous solid mixture of variable composition 
van’t Hoff gave the name solid solution. 

When a solid solution separates out in equilibrium with 
a liquid solution tlie system will consist of two phases, each 
of variable composition, and to represent the behaviour 
of such a system two curves will be required, one giving 
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the composition of the liquid solution, the other giving 
the composition of the solid solution. The temperature- 
composition curve for the liquid phase is called the hquidus 
curve ; that for the solid phase, the solidus^ curve. 

When two components are miscible with each other in 
all proportions in the solid state, there can never be more 
than one solid phase present, namely, a solid solution of 
varying composition. If the components are completely 
miscible in the solid state they will also be completely miscible 
in the hquid state, and, consequently, there can never be 
more than three phases in equilibrium — a solid solution, a 
liquid solution, and vapour. The system, therefore, can 
never become invariant, and t?ie 
temperature-composition curve must be 
contimuyus. If the vapour phase is 
absent, but if the pressure is 
maintained constant, the two-phase 
system solid solution — liquid solution 
will be univariant. 

Three types of equilibrium curves 
are found, as indicated in Eig. 134. 

In some cases the freezing-point of all 
liquid mixtures lies between the 
freezing-points of the pure com- 
ponents. The equilibrium curve is 
then of the type I in Fig. 134. A Com;>osIt/on 

curve of this type is given by a Fio. 134. 

a-monochlorocinnamic aldehyde and 

a-monobromocinnamic aldehyde.' In other cases the equi- 
librium curve passes through a maximum or through a 
minimum. In these diagrams the liquidus curve is shown 
as a full-drawn curve, the solidus curve being dotted ; and 
the relative position of these two curves is given by the 
rule : At any given temperature ih^ amcentration of that 
component by the addition of which the freezing-point is 
depressed is greater in the liquid than in the solid phase ; or, 
conversely, the coiwenlration of that component by the addition 
of which the freezing-point is raised is greater in the solid than 
in the liquid phase. 

An equilibrium curve which passes through a maximum 
point is given by the components d- and ^-carvoxime ® ; and 

‘ EUst«r, Z. phyrihU. Chem., 1891, 8, 689. 

• Adiiani, Z. physikal. Chem., 1900, ^ 469. 
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a curve passing through a minimum point is given by the 
components potassium nitrate and sorlium nitrated 

Fractional Crystallisation of Solid Solutions. — If a liquid 
solution represented by .r (Fig. 135) is cooled down, solid 
solution of the composition b will separate out when the 
temperature lias fallen to the point a. If the temperature is 
allowed to fall to x' , and the solid then separated from the 

liquid, the solid solution so 
obtained will have the com- 
position represented by the 
point e. If, now, the solid 
solution of composition e is 
completely fused and the fused 
mass allow ed to cool, separation 
of solid will occur when the 
temperature has fallen to the 
point /. The solid solution 

w'hich is deposited will have 
tlie composition g ; that is, it is richer in B than the original 
solid solution. By repeating this process the composition of 
the successive crojis of solid solutions w’hich are obtained 
will approximate more and more to that of the pure 
component B, while, on the other hand, the composition of 
the liquid j^hase produced tends to that of pure A. By a 
S3'stematic and methodical repetition of the process of 
fractional ciystallisation, a practically complete separation 
of the components can be effected ; a perfect separation is 
theoretically impossible. 

In the case of substances the frccziDg*pomt of which passes through a maxi- 
mum, fractional crysta libation will ultimately lead to a solid solution having 
the composition of the maximum point, while the liquid phase will more and 
more assume the composition of either pure A or pure B, according as the initial 
composition was on the A side or the B side of the maximum. In those cases, 
however, where the curves exhibit a minimum, the solid phase which separates 
out will ultimately bo one of the pure components, while a liquid phase will 
finally be obtained which has the composition of the minimum point. 

When two components are only partially miscible in the 
solid state, but completely miscible in the liquid state, the 
coexistence of four pliases is possible, namely, two solid 
solutions — Uquid solution and vapour. This system is in- 
variant and can exist only under certain perfectly defined 
conditions. If the vapour phase is absent and if the pressure 

* Briscoo and Aladgin, J. Chtn. Soc., 1923, 12S, 1G08. 
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is fixed, then the three-phase system, two solid solutions 
and liquid solution, will be invariant and will be able to 
coexist only at one particular temperature. The com- 
position of the solutions, moreover, will be definite. In the 
case of all such systems the equilibrium curves can no longer 
be continuous. 

Two types of equilibrium diagram are met with here. In 
the first type the freezing-point curve exhibits a transition 
point, and in the second it shows a eutectic point. In Fig. 
136, AC gives the composition of liquid solutions with which 
solid solutions of composition represented by AD are in 
equilibrium. BC, similarly, gives the composition of liquid 



Composition Composition 

Flo. 136. FiO. 137. 


solutions in equilibrium with solid solutions BE. At the 
point C the two liquidus curves intersect, and at this point 
two solid solutions, represented by D and E, are in equilibrium 
with the liquid solution C. T his type of diagram is given 
by mixtures of silver nitrate and sodium nitrate.^ 

The second type of diagram is shown in Fig. 137. At 
the eutectic point the two solid solutions D and E coexist 
in equilibrium with liquid solution of composition C. On 
cooling a solution of the composition C the liquid would 
solidify to a conglomerate of two solid solutions. Many 
mi.xtures of metals, e.g., silver and copper, gold and copper, 
behave in the manner described here. 

Changes in Solid Solutions with the Temperature. — 
Just as the mutual solubility of two liquids alters with the 

‘ Kissink, Z. physikal, Chem,, 1000, 32, 642. 
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temperature, so also may the mutual solubility of two solids. 
Thus, in Figs. 136 and 137, the curves DF and EG represent 
the variation of composition of the two solid solutions with 
temperature. Even when the system is completely solid, 
therefore, changes may take place with temperature. If, 
for example, the solid solution x (Fig. 136) is cooled down, 
separation into t\\ o solid solutions x' and x" will take place 
when the temperature reaches that of x' . The system will 
therefore lose its homogeneity. Tliis behaviour is of much 
importance in connection with metal alloys, and plays an 
important part in the properties of iron-carbon alloys. 



CHAPTER XVm 


THE MECHANISM OF CHEMICAL REACTIONS AND 
VELOCITY OF CHEMICAL CHANGE 

In a previous chapter (XII) homogeneous equilibria have 
been considered. These equilibria are established as a result 
of reactions which may occur homogeneously or hetero- 
geneously- It is now necessary to inquire further into the 
speed and mechanism whereby such equiUbria are established. 
Chemical experience shows that reaction velocity varies over 
wide limits, for example, hydrogen-oxygen mixtures do not 
combine at any measurable velocity at room temperature. 
In the presence of platinum combination occurs at a 
measurable speed. At temperatures of about 500° c., 
combination may become so rapid that explosion occurs. 
Similarly, finely divided phosphorus catches fire in air at 
room temperature, whereas finely divided sulphur remains 
unoxidised over very long periods. One of the most striking 
facts is the enormous influence of temperature in speeding 
up velocity of reaction. In very few cases is the velocity 
reduced by increase in temperature. Reactions may occur 
in the gas, Hquid, and solid phases. Oonsiderable progress 
has been made in the understanding of the mechanism of 
gaseous reactions : the elucidation of liquid phase reactions is 
in a less advanced stage in spite of the wealth of experimental 
material which has accumulated. The study of sofid 
reactions is of peculiar difficulty owing to the relative 
immobility of atoms in a crystal lattice, therefore relatively 
little progress has been made with this particular type. 

Influence ol Concentration on Reaction Velocity. — ^It was 
^rly realised that the concentration of a substance affected 
its rate of reaction, but Guldberg and Waage in 1867 clearly 
formulated in the law of mass action (p. 273) the fundamental 
relationship between velocity and concentration ; originally 
it was stated that velocity is proportional to the product of 
the concentrations of reacting substances. When dealing 

15 A 467 
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with real reactions the main difficulty is to determine the 
effective concentration, for this quantity may not necessarily 
be equal to the concentration of the molecules participating 
in the reaction. In many reactions the chemical equation 
describing the overall result of reaction does not give any 
clue to the way in which concentrations affect velocity. 

Measurement of the speed of reactions may most readily 
be made by measuring some physical property of the system, 
for example, the change in pressure in a gaseous system, the 
change in density, refractive index, etc., of a liquid system, 
provided adequate experiments are made to relate the change 
in physical property with the chemical changes which have 
been analytically determined. Where physical methods are 
inapphcable, chemical analysis of small samples withdrawn 
from time to time is the most suitable alternative method. 

Experimental data have accumulated to show that, if 
the active mass or effective concentration of a reactant 
is taken to be given by its concentration, in some cases the 
velocity may be proportional to the first, second, and even 
tiiiid power of the concentration. Such reactions are spoken 
of as of the first, second, and third order respectively. It 
must be emphasised, however, that sometimes fractional 
orders are observed and that integral orders are by no means 
the rule. 

Reactions of the First Order. — It will be assumed that 
there is only one reactant, that the rate is strictly proportional 
to the first power of the concentration of the reactant and 
that the reaction goes to comj)letion. Suppose the initial 
concentration is a and that after a time t the concentration 
has diminished by x, then a — x is the concentration of the 
substance. By definition, then, 


Velocity = 


dx 

dt 


= k{a — x) 


k is defined as the velocity coefficient of the reaction, 
this equation is rearranged to 


dx 

(a - X) 


= k.dt 



this means that at any instant of time a constant fraction of 
the substance is decomjjosed. In order to see how the value 
of (o —x) varies with time, the equation may be integrated. 
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\ dx _ ■ 
]{a-x) . 


k . dt 


since k is by definition constant 

— loge(a —x)~kt + constant. 
\Vlien < = 0, x = 0 and therefore 

— loge a — constant. 

„ , 1 , a 2‘303 , a 

Hence, k = - loge — = — log,o — 


(A) 


A useful form of the equation which may be used at 
any stage in the reaction is 


— (a — X2) 


. (B) 


where {a — Xi) and (a — x^) are the concentrations at times 
tj and 4 respectively. In order to compute the value of k, 
the values of x may be measured at a series of times and k 
computed from equation (A). If, however, it is difficult to 
determine precisely zero time in preparing the specimen for 
examination, it is usually more satisfactory to employ 
equation (B). 

It will be observed that the dimensions of k are reciprocal 
time ; the value of A; is therefore independent of concentra- 
tion. The physical meaning of k can be understood in the 

following way. If (a -x) is put equal to unity, then 

That is, k^ is the rate of change of concentration at unit 
concentration. The reciprocal of this rate is the average 
time before a molecule decomposes, and hence k may be 
taken as the reciprocal of the mean life-time of the molecules 
^dergomg decomposition. Another numerical measure of 
the rate is the so-caUed half-life This is the time required 
tor half the material to decompose. The relationship to k 
can be immediately obtained from -4ibe integrated rate 
equation for then x =a/2 and hence 


fc=?:?2?iog 


a 


U2 

=0-693ti/,-i. 
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Examples.— Although it is not strictly a chemical reaction the spontaneous 
break-up of the nucleus of a radio-active atom is given accurately bv a drat order 
equation i.e., 

log ^ = Xt. 

where I, and I, are the intensity of the emission of particles from the nucleus 
which IS of course strictly proportional to the number present and X has the same 
meaning as k. X is usually called the ladio-actire constant. 

The best example of a first order reaction is the homogeneous decomposition 
of nitrogen pentoxide vapour which occurs readily in glass vessels at temperatures 
from 0-100® The stoichiometric reaction is 

2N,Oj = 2 Nj 04 + 0, 

Neither the NjO* nor the O* has any effect on the velocity. The following results 
show the sort of constants obtained in value of k for a reaction which goes 
smoothly and without side reactions to completion. 


InitLal pressure of NjOj at 45® c. =340-2 mm. 


t. 

(a -X) 

k* scc"* 

t. 

1 (a-x) 

1 

k, 

/lO min. 

115-4 mm. 

4-97 X 10-* 

50 min. 

271-1 min. 

4 -80 X 10-* 

20 .. 

173-5 

501 

60 „ 

289-1 

501 

30 

2170 

4-81 

70 

302-7 „ 

5-15 

40 „ 

248-0 „ 

4-80 

80 „ 

312-8 „ 

5-22 


The pressure increase is so great in this reaction that a 
suitable glass Bourdon type of manometer is used as the 
measuring instrument. Corrections must, of course, be made 
for the fact that the N2O4 is partially dissociated to NOg. 
It is interesting to note that even when nitrogen pentoxide 
is dissolved in inert solvents such as bromine, carbon 
tetrachloride, ethylene dichloride, etc., the velocity of 
reaction is precisely the same as it is in the gas phase. In 
this case it is most convenient to measure the volume of 
oxygen evolved. 

From the fact that the reaction is first order, it mav be 
presumed that the decomposition is concerned with onlj* one 
molecule of NgOg. The stoichiometric equation shows, 
however, that two molecules appear to be concerned in the 
reaction. It is presumed, therefore, that the first step in 
the reaction is N205=N203 d-Og, followed by the rapid 
reaction NgOg + NgOg = 2N2O4. In all such composite reactions 
the slowest is the rate-controlling step. 

IVIany other first order homogeneous thermal reactions are 
known, and include the decomposition of many relativelj’^ com- 
plex organic molecules such as aldeliydes, azomethane, nitrous 
oxide. These reactions are extremely complex, and the first 
order behaviour does not give a real clue to the mechanism. 
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Pseudo-animolecular Reactions. — If a reaction rate is 
proportional to the first power of the concentration of one 
of the reactant molecules, and if the concentrations of the 
other reactants is by some means maintained constant, then 
the reaction is referred to as pseudo-unimolecular. One of 
the best examples is the acid hydrolysis of sucrose, 

iacid)=c^n^o^ + c^u^o^. 

sucrose glucose fructose 

This reaction is catalysed by acids in presence of water, 
the latter concentration remaining constant. The reaction 
could be followed by determining the concentration of 
glucose by its reducing capacity for Feliling’s solution, but, 
in fact, it is much more convenient to follow the reaction 
by measuring the optical rotation of the solution. The 
optical rotation is precisely proportional to the concentration 
of the optically active component. Hence, if and are 
the rotations the beginning and end of the experiments, 
due regard being paid to the sign, then o=a^-Ooc and 
a-z=at~a^, where a* is the rotation at time 1. Hence, 
the first order constant is given by the expression 


a# —a 


a 


Second Order Reactions. — By definition the rate of such 
reactions is proportional to the product of the concentrations 
of the two reactants or to the square of the concentration 
if only one reactant is present. If a and b are the concentra- 
tions respectively of the two reactants, then 

dx 

~=k(a~x){b-x). 

On integration this gives 

{a~b)t ^^'^ib-x)a 

When the two concentrations are equal, 




X 


t a{a-x) 


1 /* — 


k . a 


If x=al2, then t 
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Thus the half-life is inversely proportional to the initial 
concentration, whereas with a first order reaction the half- 
life is independent of concentration. The niinierical value 
of the k thus has the dimensions litres inols-i sec-^. 
Acetaldehyde decomposes thermally and homogeneously as 
follows : CH 3 CHO =CH 4 -h CO. The following results show 
how closely the bimolecular law is obeyed. 


INITIAL PRESSURE a*363 mm 


f (sec.) , 

a-x (mm.). 

k, mm.-* sec-* 

42 

329 

6-79 X 10-* 

105 

289 

G-71 

242 

229 

6-66 

480 

169 

6-59 

840 

119 

6-72 

1440 

79 

G-82 


The bimolecular course of the reaction is not followed 
except over a restricted range of pressures, and, in fact, at 
high enough pressures the reaction follows a first order law. 



Fio, 138. 

(HcdrAwn from lJinshc)n*ood» The Kineixet of Chetnieal Chon(7c^ by 
permission of Oxford University Press.) 


A convenient way in which to look for transition of this 
kind is to plot tiie reciprocal half-life as a function of 
concentration. Such a plot is shown in Fig. 138 for the 
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thermal decomposition of acetone. It will be observed at 
high pressures the reaction is of the first order, whereas 
at lower pressures second order characteristics make their 
appearance, there being a continuoiLS transition between the 
two types. 

Third Order Reactions. — If the concentrations of the three 
reactants are identical, then the velocity expression is 




which, on integration, yields 


ifc = i . 


1 


2t (a-x)2 


a® 


When x=aj2, then 


2 fca2- 

The dimensions of k will therefore bo litres* mols-* sec-‘. 
The best examples of third order reactions involve nitric 
oxide in the following way 

2N0 + 0jj = 2NO2. 

2NO+Cl2 = 2NOa. 

2NO + Br2 = 2NOBr. 

Reactions of higher order than the third are very rarely 
encountered and, in fact, are of Uttle account in chemical 
kmetics and may be disregarded. The reason for this 
statement will become apparent from what is said below in 
regard to tno mechanism of reactions* 

Mechanism ol Chemical Change. — Besides the effect of 

velocity it is found almost 
mvanably that increase of temperature increases the velocity 
exponentially. In general, thus ^ 

Rate = constant . 

R i ^ dimensions of energy since 

10^000 calones. The only weU-authentioated examples of 
homogeneous gas reactions in which there is a slight decrease 
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of rate with increasing temperature are the above-mentioned 
third order reactions involving nitric oxide. 

The thermal decomposition of gaseous hydrogen iodide 
is a homogeneous reaction, that is, the velocity is independent 
of the natiire of the containing vessel and of its surface- 
volume ratio and, apart from the effect of concentration, it 
is not affected by any other factor except temperature. It 
may be confidently presumed that the reaction wholly takes 
place in the gas phase and that no type of catalytic agent 
plays a part. The reaction is strictly of the second order 
when due account is taken of the reverse reaction, and 
since the stoichiometric equation also involves two molecules 
of hydrogen iodide, thus 

2HI=H2 + l2, 

it must be supposed that the rate is governed by the rate 
at which hydrogen iodide molecules collide. The surprising 
fact is that apparently only a small fraction of the collisions 
results in chemical decomposition, as the following calcula- 
tions show. The number of collisions which one HI molecule 
makes with other molecules is accurately given by 

Z = V2 . IT u ohi per second, 

where w is the mean velocit 3 ' (^ = \/ where is 

the mean squared velocity (p. 59)^, a is the molecular 

diameter in centimetres, and n is the number of molecules 
per cubic centimetre. The total number of collisions per 
cubic centimetre is therefore 

1 /2 . \/2 77 - u 

the factor 1 /2 being inserted to avoid counting each collision 
twice. Considering the reaction at 556® k., the following 
data may be used : w =3*3 x 10^ cm. /sec., iT = 3’5 x 10”® cm. 
If the concentration is taken as 1 gm. molecule/litre, 
X 10^®. Since Avogadro’s number is 6*1 x 10^®, then 
the total number of collisions is 3-2x10®® per c.c. or 
3-2 X 10®® per litre per sec. Expressing this as a fraction 
of a gram molecule by dividing by N, the result is 1-66 x 10®. 
This really is the maximum possible value of the bimolecular 
velocity constant. The experiinental_^value is 3-5x10”®. 
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There must therefore be some other factor that makes 
collisions so ineffective, and it is necessary to inquire how 
this factor originates. 

When it was found that the rate of reactions was 
exponentially dependent on temperature, Arrhenius made 
the suggestion that only specially activated molecules took 
part in reaction. These active molecules were in equilibrium 
with normal molecules in the same way that equihbria 
exist in homogeneous systems. Furthermore, Arrhenius 
postulated on this basis that 

d log (A)/(A*) _ 

dtr 


when E is the energy required to convert a normal molecule 
into an activated molecule, and {A) and [A*) are the 
respective concentrations. 

Integration of this equation gives 


(A*) 

(A) 


s coi^tant 


q-birt. 


In simple enough cases by the a 
used in deriving Maxwell’s Law for the distribution of 
velocities it can be shown that the value of the constant 
is unity, so that the equation is reduced to 


pplication of the principles 




If, therefore, we assume that the rate of reaction is 
really governed by the rate at which activated molecules 
collide, then the ratio A*}A will be given by the actual value 
of the bimolecular constant divided by the maximum possible 
value calculated from kinetic theory. This ratio is 
7j9 X 10-^® at 556® k. The value of B is 44,000 cal. and 
e-B/fiT _ 5.3 10 - 18 ^ ^hich is in very good agreement with 

the ratio of rate to collision number. Thus one of the 
all-important observations in bimolecular reactions is that 
provided sufficient energy of activation is present during 
the collision, reaction immediately ensues. In other words, 
the rate of collision of activated molecules is numerically 
equal to the rate of reaction. This is a generalisation of 
far-reaching importance, since it means that reactivity is 
determined, not only by the number of collisions, but by 
energy factors involving exponential terms. It holds to a 
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first approximation for simple bimolecular reactions. The 
range of its validity is most easily seen by plotting the 
energy of activation as a function of the temperatu*re at 
w hich the velociU* coefficient attains an arbitrarily defined 
value. The linear relation graph shown on Fig. 139 


E 



Fio. 139. 

(ROilrawn frora Hinshclwood, The KineiicM of Chemical by 

pennissioi:i of Oxford University Press.) 

shows how well the generalisation holds. With bimolecular 
reactions involving more complex molecules, the generalisa- 
tion breaks down. Thus instead of writing 
where Z is the collision rate at unit concentration, the 
expression has to be replaced by k=PZ&~^<^'^‘ where P 
is a factor which may be many powers of 10 greater or 
less than unity. It is sometimes referred to as a steric or 
temperature independent factor. Where Z is less than unity 
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it originates because complex molecxiles liave to be oriented 
appreciably before reaction will occur. The appropriate 
orientation does not arise at every collision. 

The Theory of First Order Reactions. — ^First order reactions 
have high temperature coefficients, and, presumably, 
therefore, activation energy is necessary to effect reaction. 
The difficulty is to understand how first order characteristics 
can be exliibited in spite of the fact that activation must 
necessarily occur by collision between molecules. The 
explanation first given by Lindemann (now Lord Cherwell) 
is that there is sometimes a time lag between activation and 
reaction. Such a time lag exposes the activated molecule 
to colbsione by normal molecules which remove part of the 
energy of activation. This can most easily be seen by 
considering the matter quantitatively. Suppose the normal 
molecules are denoted by A and the activated molecules 
by A*, then there are three essential steps in the reaction 
(a) activation, (6) deactivation, and (c) reaction thus : — 

A+A=A*+A 
A* + A= 2 A 

A* = B * 3 , 

where B represents the products of reaction. It will be 
observed there are two w'ays in which the activated molecules 
are removed, by deactivation and by spontaneous reaction. 
These two rates must be equal to the rate of activation. 
Thus if the concentration of A is constant, the concentration 
of A* will be constant, and consequently we may write 
d{A*)fdt — Q. A stationary concentration or stationary state 
will be set up. M. Bodenstein was the first to realise the 
usefulness of the existence of such a stationary state in the 
analysis of reaction mechanism. We may therefore write 

= feiCA )2 - *)(A) - A:3( A ’*■) = 0. 


Solving the equation for A * gives 

A:3(A)+A:3' 

But the rate of the reaction is 
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If /.•2(^-l) <X'3, t hen 


-d{A) 

(It 



that is, a first order equation is obtained. This condition’ 
however, is dependent on the assumption that A'2(^)>A-3' 
Physically this means that A-2(A)(A*)>A3(A) or that the 
rate of reaction is smaller than tlie rate of deactivation. 
This is equivalent to saying that there is a time lag between 
activation and reaction. At low enough pressures, however, 
/i2(.d)</t3 and 



and the reaction therefore becomes bimolecular. Thus there 
will be a continuous transition from a first order to a second 
order reaction as pressure is decreased. Tliis kind of 
behaviour has been observed. It is best exliibited by 
plotting the reciprocal lialf-life of the reactant as a function 
of pressure. For first order characteristics, is 

independent of pressure, whereas is proportional to 

pressm'e for second order characteristics (Fig. 138 ). 

Collision Types. — The above mentioned examples of first, 
second and third order reactions show the colHsion tjqjes 
that exist in reaction mechanisms. Furthermore, there may 
be intermediate orders depending on the time-scale of 
molecular processes, ilost chemical reactions are, however, 
very much more complex processes, but, by appropriate 
analysis, the reaction may be broken down to a sequence 
of collision tjqjes of the kinds mentioned above. Each one 
of these types can be characterised by the method already 
outlined. 

Complex Reactions. — It is outside the scope of this book 
to discuss complex reactions, but one example may suffice 
to show the method of attack. The combination of hydrogen 
and iodine to form hydrogen iodide is a straightforward 
bimolecular reaction similar in every way to the decomposi- 
tion of hydrogen iodide. On the other hand, the combination 
of hydrogen bromide is also homogeneous but follows the 
following rate equation, 

+ = constant 
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before any appreciable amount of HBr accumulates. The 
difficulty is to understand why the bromine concentration 
appears to the power of one-half. Bodenstein made these 
observations in 1900, and it was not until 1919 that the 
following valid explanation was advanced simultaneously 
by Polanyi, Christiansen, and Herzfeld : — 

Brg ^ 2Br, 

Br + = HBr + H, 

H+Br2 = HBr-t-Br. 

It was suggested that an equilibrium is set up between 
bromine atoms and molecules, that the bromine atoms react 
with hydrogen molecules in an ordinary bimolecular reaction, 
the important point being that a hydrogen atom is thus 
generated. This atom attacks a bromine molecule with the 
formation of another bromine atom. The bromine atom 
concentration is therefore not disturbed by the formation 
of hydrogen bromide. Consequently, if we know the 
equilibrium constant K for the thermal dissociation of 
bromine, the concentration of Br is simply given by 
= rate of formation of HBr will thus 

be given by twice the rate of interaction of bromine atoms 
with hydrogen molecules or 

= 2&(H2) 

Since rates of reaction and concentrations are known, 
the value of k can be calculated. At 277® c. it has the 
value 4-9 x 10“® litres, mols, and seconds. By measuring 
the velocity of the reaction at a series of temperatures, the 
energy of activation works out at 17‘7 kg. -cal. If the 
temperature of the system is high enough, one bromine 
may cause more than two molecules of hydrogen bromide 
to be formed. When this occurs the reaction is said to be a 
chain process, for the cycle of events mentioned above may 
be repeated several times. The number of such cycles is 
then called the chain length. 

The combination of hydrogen and bromine is typical of 
a great class of chemical reactions in which the essential 
step involves atoms instead of activated molecules in the 
rate-controlling step. The general feature is that of thermal 
fassion of a molecule into atoms (or radicals), which atoms 
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virtually act as a kind of catal 3 'st in the sense that they are 
not consumed. After having initiated several chemical 
cycles, they disappear by combination. Although the chain 
length is not very large in the Ho-Brg reaction, in the 
combination of Ho and (’l.^ the value may rise to a million, 
and in polymerisation of vinjd compounds (p. 521) and the 
oxidation of hydrocarbon may rise to many thousands. 

The question as to whether a reaction will occur by an 
atom or molecule mechanism is a vital one in elucidating 
mechanism. There is, however, an overriding energetic 
factor wliich may well be illustrated in the H.^ - 12 reaction. 
The mechanism might have followed that for Hg-Brg, viz., 
I 2 = 2I, I+H 2 = HI+H, H+l 2 = HI+I. Although the first 
step requires a smaller energy of activation than the dis- 
sociation of bromine, namely, 35-4 kg. -cal., the second step 
is likely to be difficult. Although the heat of this reaction 
cannot be directly determined it can be estimated to be 
not less than 32 kg. -cal., for the heat of dissociation of 
hydrogen is 103 kg. -cal. and that of HI 71 kg. -cal. Energeti- 
cally, therefore, it is a much more economical process for the 
reaction to proceed through the intermediary of activated 
molecules. 

Chain Reactions. — Wo have already seen that in analysing 
the mechanism of the - Br 2 reaction, there is the possibility 
that one bromine atom might cause the formation of more 
than two hj’drogen bromide molecules. This repetition of 
cyclic processes is ver^' much more pronounced in other 
reactions. This is most strikingl}^ demonstrated in the 
combination of hj'drogen and chlorine, in which, under 
favourable circumstances, as many as a million molecules 
of HCl inay be produced for each chlorine atom introduced 
into the system by tlie dissociation of chlorine molecules 
with radiation. Undoubtedly the mechanism is similar, 
namely, Cl -H Hg = HC1 - 1 - H followed by H -H Clg “HCl -H a. 
The chlorine atoms can disappear by combination to CI 2 
molecules, but owing to their exceptional reactivitj^ they 
may also react even with minute traces of ox^'gen or other 
impurities adventitiouslj'^ present in the system. 

Manj’’ similar reactions of chlorine with other molecules 
give rise to similar chain processes with similar general 
characteristics. Methane, for example, is chlorinated 
by the following mechanism: Cl +CH4=CH3C1 -!-H, 

j.j^Q^^HCl-fCl. and so on. All the hydrogen atoms so 
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generated attack Clg readily, and the cycle of events is 
ultimately brought to a stop by the disappearance of the 
chlorine ‘^atoms. Likewise, the formation of phosgene 
proceeds by an exactly similar process: Cl+CO=COCl, 
COCl + Cl2 = COCl2 + Cl. 

Determination of Chain Length. — The number of cycles 
in a chain process can be determined by measuring, for 
example, the number of hydrogen chloride molecules formed 
for each chlorine atom originally introduced into the system. 
The former is a matter of gas analysis ; the latter problem 
is somewhat more complicated. Chlorine absorbs radiation 
in the violet, blue, and part of the green of the spectrum, 
t.e., wave-lengths extending approximately from 3500 a. to 
5500 A. When it does so the radiation dissociat-cs the 
molecule into two atoms. The evidence for this dissociation 
comes from a variety of sources — first, chemical evidence 
mentioned above ; second, the pressure increase on illumina- 
tion due to the presence of more particles in the gas mixture ; 
and third, the slight decrease in absorption of light due to 
the decrease in the concentration of chlorine molecules. 
There is also evidence that dissociation occurs from the 
nature of the absorption spectrum which cannot be discussed 
here. All this evidence points to the fact that one quantum 
or photon dissociates one molecule, i.e., Cl 2 + /*»' = 2C1, 
where v is the frequency of monochromatic radiation and 
h is Planck’s constant. This simple relationship between 
the number of molecules chemically decomposed and the 
number of quanta absorbed is usually referred to as 
EinsieirCs Law of Photochemical Equivalence. Unfortunately 
this relationship is only occasionally observed, and cannot 
therefore be given the status of an inviolable law. In 
performing photochemical experiments with monochromatic 
radiation, the arrangement is diagrammatically shown in 
Fig. 140. A source of light, a monochromatic filter, and 
a lens produce a parallel beam of light which passes 
through the cylindrical reaction vessel. A second lens 
focuses an image on the detector, which may either be a 
thermopile or bolometer, having a surface such that all 
the radiation is absorbed. Assuming the detector is a 
linear device, a deflection is registered. When, say, 
chlorine ga« is allowed into R.V. at a defined pressure, the 
deflection is reduced to D^. will not be exactly the 

intensity of the radiation absorbed, since some reflection 
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occurs at the glass interfaces. If the refractive index is 
known tliis correction can be accurately computed provided 
there is no absorption by the glass. The sensitivity of the 
detector may be determined by exposing it to radiation 
from a black body at a known temperature and calculating 
from the radiation formula the number of ergs per second 
that fall on the detector. In this way, then, the number of 


fHier Shutter 
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Fio. 140. 

(From Farkas and Melville, Experimental Meihodi in Oae RcactimUp 
by permissiOD of Macmiliaii Co. Ltd.) 

ergs absorbed by the substance in v can be computed in a 
given time t. The problem now is to convert ergs into 
quanta. According to the quantum theory of radiation the 
number of ergs € in a quantum of radiation frequency is 
given by €=hv. Hence the number of quanta (n) absorbed 
by the system n=Ejhv . {/i = 6'55 x 10~^’ erg. sec.). 

The Einstein. — In photochemical reactions it is convenient 
to deal in mols, and consequently a number of quanta 
numerically equal to Avogadro’s number is referred to 
appropriately enough as an Einstein. One of the first 
important matters that have to be settled in dealing with 
photochemical reactions is to decide whether there is enough 
energy available in the radiation in order to effect chemical 
change. For a variety of reasons it is usually found that 
considerably more energy than the minimum is necessary 
for chemical transformation. It is of interest to calculate 
the amount of energy U in an Einstein at different 
frequencies U =Nhu = NhcjX, where c is the velocity of light 
m vacuo and A is the wave-length in centimetres. Inserting 
numerical values we have 

U = G-03 X 1023 X 6-62 X 10-2’ x 2-998 x 10^® x A-' 

= 1-197 X 10® A“^ ergs. 
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If A is expressed in AngstrCm units and ergs are converted 
to calories by dividing by 4'18 x 10’, then we have 

t/ = 2*860 X 10*A“’ cal./gm. mol. 

The following table gives some numerical values for 
various wave-lengths : — 

X (A.) .... 7500 5900 4900 4500 2000 

U (kg. -cal.) ♦ 38*1 48*3 58*4 63*5 143*0 

These energies are quite comparable with those needed to 
break chemical bonds, for example, the dissociation energy 
of iodine is 35 kg. -cal, and that of oxygen 117 kg. -cal. It will 
also be seen that for radiation in the inlra-red, t.c., greater 
than 8000 a., the magnitude of the quantum w’ould be 
quite insufficient to produce bond fission. 

Quantum Efficiency. — ^This quantity may be defined as 
the ratio of the number of molecules chemically transformed 
to the number of quanta absorbed. It is an exception to 
find experimentally a ratio of unity ; the values may range 
from much less than unity up to about one miUion for the 
photo reaction between hydrogen and chlorine. The reason 
for this wide variation is partly physical and partly chemical. 
It is convenient to illustrate the point by referring again 
to the Hg — Brg reaction, which can be brought about by 
light absorbed by the bromine. When a light quantum is 
absorbed by the bromine molecule, the motion of one of 
the electrons is changed so that the molecule becomes 
electronically excited. It is possible, then, for the mole- 
cule to do two things : (a) the reverse of the act of 

absorption, i.e., to emit the radiation originally absorbed, 
or fluorescence, (6) the molecule is broken into two atoms. 
This primary act may thus have a quantum efficiency of 
anything from zero to unity. Once the bromine atom is 
produced, there is once more a choice of possibilities : 

the atoms may react wdth a hydrogen molecule thus, 
"*‘ + H 2 =HBr + H ; (6) the atom combines with another 
!^ + Br=Br 2 without, therefore, producing any chemical 
change whatsoever. The secondary yield may likewise 
range from zero through unity to quite high values, depending 
on these relative probabilities. Thus increase of temperature 
lavours {a), which has an energy of activation of 17 kg.-cal., 
w creas (6) is not affected. It is therefore not surprising 
that the essentially composite nature of photochemical 
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reactions yields quantum efficiencies deviating markedly 
from unity. In spite of these complications, certain reactions 
cxliibit a simple enough behaviour. 

Photodecomposition of Gaseous HI and HBr. — The classical 
investigations of E. Warburg,^ made at a time wlien the 
quantum theory was just beginning to be applied to chemical 
])roblenis, laid tlie foxmdations of qxiantitative plioto- 
chemistry. With hydrogen iodide the following values for 
tlie overall quantum yield were obtained : — 


Wavelength A. 

2070 

2530 

2820 


Quantum Yield. 

1 - 95 

2 - 07 
2-2 


Considering the elementary stage of j)hotochemical 
teclinique in these first experiments, we may say that the 
quantum yield is 2 and that it does not depend on wave- 
length and, for that matter, on temperature. The value of 2 
is readily explained by the following mechanism. The 
primary process is fission HI = H + 1. The iodine atom 
is so unreactive that it simply combines with another. The 
hydrogen atom, on the other hand, readily attacks another 

HI molecule, thus : H -i-HI + and there the process 

ends. 

Photosensitisation. — Although the quantum of radia- 
tion that falls on a system may contain sufficient energy to 
initiate the chemical transformation, the radiation may not 
he absorbed or, if absorbed, may for various reasons produce 
no chemical effect. This difficulty can be overcome by the 
use of plioto-sensitizers, whose function is to absorb the light 
and to transform the energy so acquired into a more 
chemically useful form. Tlie outstanding example is photo- 
synthcsis'of carbohydrates by plants, chlorophyll being the 
sensitiser. Here the essential reaction is tlie conversion of 
('O2 ‘^nd H2O into sugars of the general formula CgHi20e, 
with eventual conversion into cellulose (CgHioOsln. E^n 

if we restrict the reaction to OCO2 + 6H2O »-C6H,20c + 6O2, 

this requires 070 kg. -cal. per mol of hexose. The minimum 
size of quantum would thus correspond to a wave-length ot 
c. 400 A. Carbon dioxiilc and water begin to absorb at 
2000 A. (140 kg. -cal.), and a direct reaction is energetically 
not feasible. Vet the fact is that chlorophyll sensitises the 


^ Her, BerU Ahid,^ 1918« 30U. 
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reaction to a quantum of energy of about 50 kg.-cal. The 
reaction must therefore take place in successive stages, 
each involving a quantum. Tlie overall quantum efficiency 
is extremely low. The other striking example is the dye 
photosensitised decomposition of silver halides used in 
photographic emulsions. The silver bromide and silver 
iodide embedded in gelatine, wliich comprises the emulsion, 
do not absorb except in the blue region of the spectrum. 
H. W. Vogel, in 1873, discovered that certain dyestuffs, 
such as eosin and erythrosin, when adsorbed on the surface 
of the silver halide crystal, produce photographic sensitivity 
down to wave-lengths of 5500 a. Once the principle was 
established, intensive research led to the development of a 
great variety of dyes of the cyanine type 



which produce sensitisation even into the infr a-red at 
10,000 A. 

Much simpler examples are found in gas phase reactions. 
For example, the combination of hydrogen and oxygen can 
be sensitised by using mercury vapour. Just as sodium 
vapour absorbs the D lines &om a sodium flame or electric 
discharge tube, so mercury vapour strongly absorbs radiation 
emitted by excited atoms at 2537 a. In absence of added 
gases both vapours fluoresce, sodium at 5890 and mercury 
at 2637 a., owing to the excited atoms losing their electronic 
energy by emission of radiation. At 2537 a. the mercury 
atoms possess 112 kg.-cal. per gram atom, which is sufficient 
energy to initiate chemical reactions. Hydrogen, when 
mixed with mercury at pressures of a few millimetres of 
mercury or more, destroys all the fluorescence, and similarly 
the hydrogen becomes active, for it will attack oxygon, 
mtrous oxide, ethylene, and other gases. The energy acquired 
by the mercury atom is transferred by collision to the 
hydrogen molecule and leads to its fission into two atoms. 
At low enough pressures only a fraction of the excited 
nier<mry atoms are so deactivate. The pressure dependence 
ot process can readily be calculated. Adopting the 
method used for the hydrogen bromine reaction, we may 
write an equation showing the way the atoms are formed 
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and <lostro3'ed. If is rate at which mercury vapour 
absorbs quanta, then if k is a coefficient wliich measures the 
effective rate at which hydrogen molecules and excited atoms 
interact, then 

Ubs = i*(Hg')(H2) + (Hg')/T, 

where (Hg')/T is the rate at which excited atoms radiate 
fluorescence, t is the mean life of the excited atom and has 
a vahie of 1-0 x 10“’ sec. At a certain measurable hydrogen 
pressure the intensity of fluorescence can be cut down to 
half its value in absence of hydrogen ; under these conditions 
tlie probability of deactivation by hydrogen and by radiation 
will be equal. 

Hence, ^■(Hg')(H2)i,2 = {Hg')T-b 

or = 

The value of k can thus be calculated in mols, litres, 
and seconds. Using then the bimolecular collision rate, 
the square of the effective collision diameter of the excited 
mercury h^’clrogen molecule sj^stem can be computed to be 
G X 10“^® cm. 2 This diameter is of the same order as that 
for molecules (p. 60), and hence the transfer of energy is 
particularly efficient, occurring at nearly every collision. 

The chemical processes occurring after the dissociation 
of hydrogen are complicated. With oxj’^gen, both hydrogen 
peroxide and water are produced. Direct interaction with 
oxj’^gcn molecules gives the HO2 radical which may be 
hydrogenated to HgOa, which may be further reduced to H2O. 
Similarly, with ethylene the first step is the formation of 
the C2H5 radical. These radicals may combine to give 
n-butane or disproportionate to give ethjdene and ethane. 

Uranium Actinometer. — The UOg'^'^ ion is a good photo- 
sensitising ion for man3'’ reactions in aqueovis solution. 
The oxalate ion iCOO)^" in particular is readily decomposed, 
the products being CO, CO2. and HCOOH. This reaction 
has been extensively studied, but the precise mechanism is 
not known. It is, however, so reproducible that it can be 
used as an actinometer. The quantum 3deld is only 0*5 
but varies only slightly with wave-length from 2200 to 
4500 A., the temperature coefficient is 1*03 per 10 c. at 
20° c., and dilute solutions of uranyl oxalate at 0*001 to 
0*005 M. can be used. Estimation of oxalate is done with 
permanganate, and consequently, even with weak sources 
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of radiation, unduly long exposure time is not necessary to 
decompose a significant fraction of the oxalate. 

Photochemistry of Ketones. — ^Tfae photochemical reactions 
of polyatomic molecules can become extremely complicated, 
but some of the main features of ketonic photochemistry 
are now clear. Absorption occurs in the ultra-violet at 
wave-lengths around 3000 a., which in saturated ketones is 
due to th^e >C = 0 group. Carbon monoxide is one of the 
products of reaction, but the quantum jdeld of the reactions 
is less than unity. This latter fact simply means that 
a fraction of the quanta absorbed by the molecule 
is not effective in giving rise to primary dissociation, 
the energy being therefore dissipated in chemically in- 
effective ways within the molecule. If we take acetone 
we might presume the molecule to break up as follows : 
CH3COCH3 -t-/i»' = 2 C 2 H 8 + CO, since ethane is produced in 
amounts approximately equivalent to CO at temperatures 
of 70® c. 

At lower temperatures, and especially in a fiow system, 
appreciable amounts of diacetyl can be detected. Again, 
working in a flow system the primary products of photolysis 
are capable of removing mirrors of lead, which is sure proof 
(see below, p. 478) that free radicals are produced and that 
the CO is not simply eliminated from the molecules as 
indicated above. The primary dissociation is therefore 
into CH3CO + CH3. The acetyl radical may combine with 
itself or may be with CH 3 or decompose further into CH 3 
and CO- FHirther, if for example, methyl ethyl ketone is 
used, the hydrocarbon produced should, on the free radical 
basis, consist of ethane, propane, and n-butane in the 
ratio 1 : 2 : 1 , which is what is found. Although these 
reactions occur readily enough in the gas phase, acetone does 
not decompose in the liquid phase. Such an effect might 
be due to a deactivation of the initially excited molecule, 
but there is another interesting explanation. When primary 
^sociation of the molecule occurs, the radicals are hemmed 
in on all sides ; they cannot move rapidly away from the 
site of production. After a short period they therefore 
recombine — the overall chemical result being inappreciable. 
If, however, they are produced in presence of molecules 
with which they can easily react, apparent decomposition 
of the ketone ensues. This behaviour is general with ketones 
and many other polyatomic molecules. The main principle 
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is that primary dissociation is into radicals and not saturated 
molecules. These radicals may recombine to give the original 
molecules — with the result of a diminished quantum yield — 
or they may undergo a variety of other reactions, thus 
giving rise to products dependent to a large extent on the 
pressure and temperature of the system. 

The reason for low quantum yields thus becomes evident. 
It is exceptional to find quantum yields of unity when so 
many processes militate against high efficiency. 

Free Atoms and Radicals. — Enough has already been 
mentioned about reactions to indicate the important role 
of free atoms and radicals rather than so-called activated 
molecules, originally postulated to play the essential part 
in reactions. It is therefore of importance to consider more 
direct methods of producing and examining the elementary 
reactions of free atoms and radicals. In virtue of their high 
reactivity such bodies only exist for very short periods of 
time, usually a fraction of a second, consequently, it is 
impracticable to attempt to measure the occurrence of 
atomic reactions in a static system — it is, in fact, essential 
to employ a flow system. This was first done by R. W. 
Wood, who prepared atomic hydrogen in the following way. 
The apparatus (Pig. 141) consists of a discharge tube to 
which hydrogen can be admitted at a pressure of a few 
millimetres of mercury. The tube is connected to a mercury 
vapour diffusion piunp which produces a linear velocity of 
flow of gas of the order of 10^ cm. /sec. By means of side 
tubes, gases and solids may be inserted into the gas stream. 
At pressures of a few millimetres a discharge will pass through 
with a potential of a few thousand volts. At low pressures 
the discharge is red in colour, and the spectrum simplifies 
so that only the so-called Balmer lines at 4102, 4340, 4861, 
and 6503 a. appear, indicating, therefore, the presence of 
hydrogen atoms. These atoms are. however, excited in 
that they possess considerable electronic energy, which is 
got rid of when radiation occurs. The spectroscopic evidence 
therefore points to the dissociation of hydrogen molecules 
ultimately to excited atoms. If the pumping speed is 
high enough it should be jiossible to remove the atoms away 
from the mixture of electrons, positive ions, excited molecules, 
and atoms that inevitably exist in a discharge tube. Ihe 
evidence that some chemically active form of hydrogen 
exists in the tube leading to the pump is provided by the 
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following facts. A thin piece of nickel foil is rapidly heated 
to redness ; sodium vapour will luminesce ; gases such as 
hydrogen, carbon monoxide, ethjdene, and acetylene are 
attacked with great ease at room temj)erature. In fact, with 
acetylene, there is strong luminescence due to the complete 
break-up of the molecule into fragments sucli as Cg and CH. 
The concentration of atomic hydrogen can be measured in 
a variety of w'ays, and one, the most direct, simply consists 



in inserting a thermometer of which the bulb is covered 
with a mm of finely divided platinum. All the hydrogen 
atoms that strike the bulb combine to molecular hydrogen 
pvmg out 103 kg. -cal. per mol of This heat is sufficient 
to raise the temperature of bulb several degrees. From the 

‘V® possible to calculate the 
concentration of atomic hydrogen. By such methods it can 

be shown that the concentration of hydrogen decreases 

rapidly along the tube. This is due to recombination which 

may occm m the gas or at the walls. By measuring in this 

way the distance d cm. along the tube for the concentration 
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to fall to half its value and by measuring the linear rate of 
flow, e cm. /sec., the life-time of the atom is dje sec. This 
life-time is not a physical characteristic of the atom because 
it depends on concentration — the higher the concentration 
the shorter the life-time. Life-times are, J^owever, within 
the range 10“^ - 10“* sec., so that it is not surprising it is 
impossible to do static experiments with such short-lived 
entities. 

Free Organic Radicals. — The discharge tube method, 
while suitable for diatomic molecules, is not satisfactory 
w’ith polj'atomic molecules since a multiplicity of atoms, 
radicals and molecules may be produced in the discharge. 
It would be quite impossible to identify and examine the 
behaviour of individual species. F. Pancth discovered a 
much simpler method of producing alkyl radicals in the gas 
phase. It was known that metallic alkyls, such as lead 
tetramethyl, on heating, decompose to give lead and ethane, 
but if the experiment is carried out in a flow' system, the 
result is rather different. In tliis system a carrier gas, 
such as nitrogen, is allowed to bubble through liquid lead 
tetramethyl. The vapour is decomposed thermally at 
700® c. The mixed gases are then swept out of the hot 
zone with a pump giving a linear flow velocity of circa 100 
cm. /sec. The siirprising fact is that a thin lead mirror 
deposited on the cool part of the tube is removed and the 
metallic alkyl can be collected in a trap cooled with liquid 
air in front of the vacuum pump. This observation can only 
be explained if it is assumed that the PbMe^ molecule breaks 
up in a succession of stages, thus, PbMeg + Me, PbMeg-i-Me, 
and so on, the lead atom settling out and the methyl 
radical being removed by the carrier gas. By altering the 
position of the detecting mirror it can be shown that the 
time required to remove a standard mirror is related to the 
distance d from the zone of decomposition by the relation 
log d=t-t-const. Since the reciprocal of the time of removal 
is proportional to the time for the radical to travel the 
specified distance, such a relation implies that the radicals 
disappear at a rate proportional to the first power of their 
concentration. This further means that combination tends 
to occur on the walls and not in the gas phase. The life- 
times are again of the order - IQ-i sec. While ethyl 
and propyl radicals can also be made in this way, if attempts 
are made to prepare liigher alkyl radicals, e.g., w-butyl. 
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nieth3'I radicals only are detected. The reason is that 
these larger radicals are thermally unstable and tend to 
decompose thus R . CH2 . CH2 — CHg — > R — CH = CH2 + CH3. 
Similar mirror experiments have been made with many 
simple organic molecules and it was almost invariably foimd 
that radicals are involved in the products of decomposition. 
This fact w’ould indicate that in the thermal decomposition 
of molecules there is a greater tendency for the splitting of 
the molecule into radicals than into simpler molecules. We 
shall see below that there is good reason to believe that 
radicals play a large part, not only in gas phase processes, 
but also in liquid phase reactions. 

Chemiluminescence. — ^This is the phenomenon of the 
emission of Uglit as a consequence of chemical reaction and 
thus in a way is the converse of photochemistry. It is 
customary to exclude luminescence emitted during explosive 
combination, though the phenomenon has essentially the 
same origin. Chemiluminescence is observed in both gas 
and liquid phases ; classical examples of the former are 
oxidation of phosphorus, sulphur and many of their com- 
pounds : of the latter the oxidation of p5nrogaUol, amino- 
phthalic hydrazide and many others. All these reactions 
are strongly exothermic, and it would seem that some of 


the energy can be used in quite a selective fashion to excite 
the electrons in molecules so that part of the energy is 
finally removed from the system as radiation. Logically, 
therefore, if the spectrum of the emitted radiation is 
analysed, it should be possible to determine the structure of 
the emitter. It is an unfortunate fact that in the systems 
mentioned above, this has not been accomplished. Similar 
chemiluminescence is observed when vapours of sodium and 
halogen mix at very low pressmes. This can readily be 
demonstrated by heating sodium and iodine in an evacuated 
ti^e. The sodium D lines are emitted at the point 
where the vapours interdiffuse. Hence there is no doubt 
about nature of the emitter— it is an excited Na 
atom. The luminescence is confined to such a narrow zone 
of the tube that there is little doubt reaction between 

’^ery rapidly indeed. F. Haber 
'• * investigated not only the distribution 
ot the mtensity of luminescence but also the distribution of 

^ reaction is simply 
Na + Cl2->NaCl + Cl. This cannot be followed by Na-hCl-»- 
16 
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NaCl (in tho gas phase) because so much energy would be 
liberated that the molecule would be disrupted. At such 
low pressure there is little probabiUtj^ of a third molecule 
being present to remove the energy and so stabilise the 
molecule. The surprising fact in this reaction is that the 
intensity of the luminescence diminishes if the temperature 
of the zone of reaction is increased. This is readily 
explained as follows : In sodium vapour there is present a 
small fraction of sodium molecules Nag. The chlorine 
atoms react wdth the molecules Cl + Nag-^ NaCl + Na in a 
strongly exothermic reaction the NaCl molecule possessing 
a very large amount of energy of vibration. The molecule 
collides with a sodium atom, excites it, finally the energy 
of excitation is emitted as D light. At higher temperatures 
the equilibrium concentration of Nag molecules decreases 
and, therefore, with it the intensity of luminescence. If, 
instead of using Clg we use CHgCJ, NaCl is still formed, but 
there is no chemiluminescence for there are no sufficiently 
energetic molecules capable of exciting sodium atoms. 

Inhibition and Retardation ot Reactions. — It has been 
known for a long time that the addition of minute amounts 
of certain specified substances, e.^., 0*1 per cent, by weight, 
may completely suppress or seriously cut down the rate of 
what are believed to be homogeneous reactions. Prominent 
examples are the stabilisation of solutions of hydrogen 
peroxide by acetanilide ; the retardation of oxidation 
processes, e.g., of liquid aldehydes, of unsaturated esters, 
rubber, phosphorus ; the polymerisation of vinyl compounds, 
such as styrene C 6 H 5 CH=CH 2 . The general explanation of 
tills curious behaviour was originally given by H. J. L. 
Backstrom, who studied particularly the oxidation of 
benzaldehyde, heptaldehyde, and aqueous sodium sulphite, 
and found that alcohols in particular were effective in 
cutting down the rate of oxidation. The magnitude of the 
effect was such that it was termed negative catalysis — a 
term now outmoded since the correct explanation has now 
been giv'en. It was suggested that if a thermal chain 
reaction were operative and if the retarder were capable of 
reacting with the cliain carriers more easily that the mole- 
cule being oxidised, then the breaking of the chain at an 
early stage would cut out all the subsequent steps. If 
these chains are long, for example, several thousands, it is 
then understandable why such small concentrations can 
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diminish the rate. From the quantum yield in a photo- 
chemical reaction it is possible to calculate the chain length, 
but in a thermal chain reaction no such convenient method 
is ordinarily available. The following method, however, 
may be used. In an oxidation reaction such as benzalde- 
hyde— perbenzoic acid CeHgCOOOH is the primary product 
of oxidation. Suppose this molecule breaks down thermally 
to a free radical R which may be the benzoate CgHsCOO or 
OH radicals, then the following sequence of reactions may 
occur. 

R- -^02-^R02- 
RO 2 + RH-^ RO 2 H + R - 

RH, ROjH representing the aldehyde and perbenzoic acid 
respectively. This cycle of events may go on repeatedly 
imtil either the R - or ROg - radicals interact with each 
other. It appears that the addition of oxygen to the radical 
is a very fast reaction, and the second reaction is the rate 
determining step in the sequence. The ROg — radicals, 
therefore, build up to a higher concentration than R - . It 
is most probable that ROg - radicals interact and thus 
destroy each other. Suppose, further, that I represents the 
rate of decomposition ofxier-acid into radicals and Argrepresents 
the velocity coefficient for interaction of two ROg radicals. 
It will be seen that the chain cycle itself does not affect the 
existence of ROg radicals. Hence I = /r2(R02)*. But the 
rate of oxidation, ^d{0^)fdt is simply equal to ifci(RH)(R 02 ) 

That is, the rate of oxidation is unaffected by the concentra- 
tion of oxygen — ^in accord with observation. The chain 
length is then given by the number of oxygen molecules 
used up for each radical produced by decomposition of the 
perbenzoic acid radical. Hence 

-d(Og)/di_A^(RH) 

I 

Suppose now an inhibitor such as diphenylami ne is added 
say, to cut down the rate by a factor of ten, then the 
majority of the ROg — radicals will react chemically with 
the amine being thereby destroyed. If is the bimolecular 



484 INTRODUCTION TO PHYSICAL CHEmSTRY 

coefficient for this process, then, as before, the rate of starting 
of chains must be equal to their rate of removal or 

i = i'3(RO,) = 

i.e., the rate of removal of X is equal to the rate of initial 
production wiietlier retarder is present or not. If the rate 
of removal can be measured chemically the kinetic chain 
length may at once be calculated. Backstrom also showed 
tliat these reactions can be induced photochemically, the 
quantum yield reacting values of several hundreds, thus 
confirming in the most direct manner the general mechanism 
of oxidation. 

Autocatalysis. — In following the course of oxidation 
reactions it is usually found that the rate of uptake of oxygen 
increases with the time of experiment to a maximum value 
and then falls off as the reactants are consumed. Sometimes 
quite a well marked indtiction period appears in which 
practically no oxygen is taken up. Tliis general effect is 
usually referred to as autocatalysis, the implication of the 
term being that during the course of reaction something is 
produced which is capable of inducing the reaction to occur 
more quickly. The reason for this behaviour is readily 
comprehended with oxidations for, as the per-acid or hydro- 
peroxide accumulates and, therefore, partially decomposes 
to free radicals, so the rate of initiation of oxidation is 
increased. This will tend to increase, but the gradual 
exliaustion of the substance being oxidised will eventually 
counteract this increase. There is, however, another 
possibility. If some adventitious retarder of oxidation is 
present and this is chemically removed by inh traction with 
ROg radical then, provided the rate of initiation remains 
constant, the rate of oxidation will increase gradiially as 
the retarder is consumed. 

Polymerisation Reactions. — We have seen above that 
oxidations are induced to occur by the thermal decom- 
position of peroxides into free rascals. It is similarly 
possible to induce vinyl derivatives such as stjTene to form 
polymers in which the essential reaction is simply 

n(CH2 = CH . CgHs) ^ - (CH^ - CHCeH^V 

One of tlie most direct way.s of proving that this reaction 
goes by way of radicals is given by the fact that tetraphenyl 
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sucoinodinitrUe. wliich breaks into diphenyl-oyano methyl 
radicals also initiates polymerisation, the characteristics ol 
which are precisely similar to those induced by a peroiade 
such as diLnzoyl peroxide (C.H.COOh- The mecha^m 
of reaction is therefore, analogous to, but simpler than 
that of oxidation. If the peroxide is written (RCOO)^ the 

first step is (RC 00 ) 2 -^ 2 RC 00 

or ^R+RCOO+COj 

followed by 

R + CH 2 = CHCeHs-^ R - CH^ - 
followed by 

IU-CH 2 — CHPh— + CHg = CHPh-> 

R^Hg— CHPh—CHa— CHPh— 

Thus one radical can induce many molecules of monomer to 
polymerise by a continued radical reaction. The reaction, 
in this respect, has chain characteristics but with the added 
advantage that the chain now has a very material existence 
as a chain of carbon atoms. Using the same principles as 
those elaborated for oxidations, the so-called kinetic chain 
length may be found. Here the chain length is finite since 
these large free radicals ultimately interact. In addition 
the number of units forming the chain can be computed by 
measuring the molecular weight of the polymer produced. 
In absence of complications, the two methods agree very 
well, as shown in the following figure for the polymerisation 
of vinyl acetate 00^ = CH . O . CO CHj 

Kinetic chain length. No. of onits from osmotic 

pressure experiments 

1460 1400 

These two independent methods provide a very powerful 
proof of the validity of the conceptions used to explain the 
characteristics of chain reactions, and, incidentally, of the 
existence of free radicals in the liquid phase. These reactions 
may also be induced by radiation and even by heating the 
monomer to a high enough temperature. Here it is believed 
the imtial step is the opening out of the double bond to a 
diradical which may then grow at both ends. 

Ionic Reactions. — Besides molecule-molecule, atom- 
molecule and radical-molecule interactions in aqueous 
solution, ions may take part in homogeneous reactions. 



480 INTRODUCTION TO PHYSICAL CHEMISTRY 

Reactions })et\veen ions of opposite sign, if they happen to 
form stable molecules which are not dissociated or are in- 
soluble, proceed at such a high speed that the rate is merely 
governed by the rate with which the ions can diffuse towards 
each other. There are, therefore, ion-ion interactions and 
ion-molecule interactions. In the non-ionic reactions the 
nature of the medium does not normally have much effect 
on reaction velocity, but in ionic reactions the properties 
of the ions are profomidly affected by the presence of other 
ion.s which take no part in the reaction at all. 

Neutral salt effect. — The effect of neutral salts on ion-ion 
interactions has been most satisfactorily explained by J, N. 
Bronsted ^ using the theory of strong electrol 3 des (Chap, XV, 
p. 392), introducing the idea of activity of ions. For example, 
in the reaction 


CH^Br . CO/ + SgOg" ^ S.p^ • CHgCOg" + Br', 

the velocity is dependent not only on ionic concentrations 
but also on the concentration of added neutral electrolyte. 
According to the Bronsted theory a complex X is formed 
between the two ions which is in equilibrium with the simple 
ions. This complex then spontaneously breaks down into 
the products of reaction — the mechanism in a way being 
similar to that in a pseudo unimolecular reaction. If the 
equilibrium is o.stablished much more rapidly than the 
reaction takes place tlien 



c../. 




or 


C. = K,C,Q 



where ft,, fx are the activity coefficients of A, B and X 
re.'spectively. For the velocity of decomposition of X, we 
have j ^ 

V = A**C, 


where Ar^ is the molecular coefficient for decomposition 
of C,. 

Substituting the values. 

v = A-, .K, 

J X 

— i-n n fafb 

— • ~f — • 

J X 


1 Z. physikal. Chem., 1922, 102, 169 ; 1925, 115, 337. See also Chem. Rev., 
1928, 5. 1231 ; 1932. 10, 179. Tran^. Faraday Soc., 1928, 24, 630. 
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The velocity of reaction is proportional not only to the ionic 
concentrations but also to the activity coefficients, and 
inversely to the coefficient for the complex. It is the 
activity coefficients which are strongly affected by the 
addition of neutral salts. In this treatment cannot of 
course bo measured directly, but it has to be presumed 
that it will be affected by neutral salts in the same way as 
/a and ft,. 

In the case of dilute solutions up to O-l molal (O-l mol 
per 1,000 gm. of solvent) the activity coefficient of an ion of 
a strong electrolyte depends on its electric charge , and what 
is called the ionic strength of the solution, the ionic strength 
being given by half the sum of the products of the concentra- 
tions of every ion in the solution multiplied by the square 
of the effective charges. The mathematical relationship 
according to the theory of strong electrolytes is that 

*Ogl0 ifofJD 

and hence v = k . CaC^ . 

This expression shows the kind of effects that can be observed 
though it must be emphasised the absolute value of the 
constant k cannot be computed. When is positive, i.e., 
when the reacting ions have the same charge, whether 
positive or negative, the reaction velocity will increase with 
increasing ionic strength — so-called positive salt catalysis. 
When the reacting ions are of opposite sign, the velocity 
coefficient will decrease with increasing ionic strength — 
negative salt catalysis. When one of the reactants is un- 
charged — an ion-molecvde interaction — the velocity is un- 
affected by the ionic strength of the medium. These con- 
clusions are home out by experiment. If the products of 
reaction are charged they may alter the ionic strength and, 
therefore, affect velocity. This effect may naturally be 
swamped by the addition of a sufficient quantity of neutral 
electrolyte. 

Acid-Base Catalysis. — One of the earliest examples of 
catalysis is the action of acids and alkalis in accelerating 
hydrolysis of esters and of disaccharides such as cane sugar. 
The velocity of such hydrolysis is affected by the concentra- 
tion of hydrogen and of hydroxyl ions. Further investigation 
revealed that neutral salt^ also could influence such reactions, 
with the result that a much extended theory is needed to 
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cope with the variety of effects observed. We deal here, 
however, with the ion-nioleciile tvpe of reaction. 

In order that a satisfactory theory can be developed, 
especially in non-aqueoxis solvents, it is necessary to extend 
the connotation of the terms, acids and bases, to include a 
much wider range of systems than is customarily dealt with. 
In 1923 T. M. Lowry and J. N. Bronsted i made this 
extension. According to this theory an acid may be defined 
as a substance which can give rise to proton (H*) or which 
is a proton donor ; and a base is a substance which can unite 
with a proton, i.e., a proton acceptor. Thus an acid, lUte 
acetic acid, undergoes ionisation to give proton and an 
anion HAc->H' + Ac'. Acetic acid and other acids are, there- 
fore, proton donors. On the other hand, the anion of a weak 
acid can combine with a proton to form the acid and is, 
therefore, to be regarded as a base or proton acceptor. Thus 
the acetate ion and the sulphate ion are to be regarded as 
bases since tliey unite with protons to form acids, 

Ac' + H-^HAc and H‘ +S04"^HS04'. 

The anion of a strong acid is not a base because, on account 
of the strong acid being almost completely ionised in solution, 
the anion does not combine with proton to form acid. 

The cation of a weak base, on the other hand, is to be 
regarded as an acid because it can yield proton and a base, 
e.g., NH4+^H+ -I- NH3. Water is both an acid and a base. 
When it ionises according to the equation HgO^H^ -f OH" 
it gives up a proton and, therefore, is an acid ; and when it 
combines with a proton to form hydrated hydrogen ion 
(oxonium ion), H+ + H20->H30+ it acts as a base. In 
aqueous solution, therefore, catalytic activity is shown, not 
only by hydrogen ion and hy'droxyl ion, but by all these 
molecules and ions wliich according to the above definition 
act as proton donors and acceptors. Thus the hydrolysis of 
ethyl orthoacetate and ethyl orthopropionate is catalysed 
not only by hj-^drogen ion but by molecules of water, acetic 
acid^ and similar evidence of the catal3tic effects of uncharged 
acid molecules was obtained in the decomposition of nitramide 
in aqueous solution 2 and in the mutarotation of glucose.® 

^ Brenatod and Wynne Jones, Tran^. Faraday 1929, 25, 59. 

* Brens ted and Pedersen, Z. phystkaL Chem.^ 1924, 108, 185, see also R. P. 
Bell, The Kinetics of Acid Base Catalysis (Oxford). 

® Bronsted and Guggenheim, J. Amer. CAem., jSoc. 1927, 49, 2554. 
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The explanation of acid-base catalysis once again involves 
the formation of a transient complex, whose separate exist- 
ence is not easy to prove, between the acid (or base) and the 
reactant R {e.g., sucrose), and in equilibrium with both. 
The concentration of the reactant will thus be proportional 
to the product of the effective concentrations. It is further 
presumed that the complex breaks down at a comparatively 
slow rate, which is determined by the rate of transfer of a 
proton to the reactant. A rapid internal rearrangement 
then takes place with the formation of the product of the 
reaction and a return of the proton to form a molecule of 
the catalysing acid. Since in acid-base catalysis the con- 
centration of hydrogen ion (at pH less than 7) plays a 
predominant role, then in the case of weak acids this con- 
centration will be affected by the addition of anions of the 
acid. Such an effect, called the primary salt effect, will be 
governed by the laws of equilibria already discussed in 
Chapter XIV. In addition the effective concentration or 
activity of the hydrogen ion will also be affected by the 
ionic strength of the medium, that is, by the addition of 
neutral salts. This is the so-called secondary salt effect. 

Further information about the more detailed mechanism 
of acid-base catalysis has been provided by studying the 
mutarotation (that is the change of optical rotation) of 
glucose and also tetramethyl glucose. This reaction, which 
is believed to occur as follows was investigated xmder a wide 
variety of conditions by Lowry.^ 


CHjOH 




HOH 


IH 

O^(CHOH), 


CH.OH 

(cJhOH). 

CH(OH), 


CH,OH 

dflOH 

I 

CH 


If the sugars are dissolved in dry pyridine no luuta- 
rotation is observed, but if twice its volume of water is added 
the rate is twenty times as fast as it is in pure water. Again, 
cresol is not active as a solvent. To explain these observations 
It has been suggested that mutarotation cannot take place in 
the pure substance because a proton cannot wander from one 

‘ J. Chtm. Soc., 1926, 127, 1371, 2883 { 1927, 2654. 
i6 A 
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position to another in the sugar. To effect such a transfer 
a source of protons acids, water, cresol) must be present 
and an acceptor of proton {e.g., bases, water, alcohol) into 
which a proton can escape from the sugar. Therefore, while 
water can act as a catalyst because it has the properties of 
acid and base, neither cresol nor p 3 ’^ridine is effective, but 
together they supply the necessary acid and base, or proton 
donor and proton acceptor. It will be seen from the scheme 
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that base plus water or acid plus water produce a salt of the 
same bipolar-molecule in which the -OH and -CHO 
groups are present, though joined by a bond. The ionisation 
of tliis bond provides the electric charges to neutralise those 
on the bipolar molecule 
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Enzymatic Catalysis. — Enzymes are bodies which act 
as catalysts for the processes that occur in the living 
cell. They are, for example, active in all fermentation 
processes. It was indeed in connection with fermentation 
processes that the term enzyme was first introduced by the 
German physiologist, \V. Kiihne, in 1878, from a recognition 
of the fact “ that eV {en zyme, in yeast) sometliing occurs 
that exerts this or that activity, which is considered to belong 
to that class called fermentative.” An enzyme may now be 
regarded as a catalyst elaborated in the living cell to act 
specifically so that certain reactions may be carried out 
smoothly. 

As will be seen on p. 492 minute amounts of solid catalyst 
in heterogeneoixs systems cause a great deal of chemical 
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transformation. Enzymes are even more striking m their 
cataMic behaviour. For example, inverse wMch 
hydrolyses sucrose to glucose and fructose will hydrolyse 
without loss of activity 200,000 times its weight of sugar 
Similarly, rennet can clot 400,000 times its weight of 
caseinogen. Even in homogeneous catalysis the enzyme is 
5,000 times more effective than an equal weight of 
hydrochloric acid. 

Specificity in enzyme action is probably better displayed 
than in any other kind of chemical reaction. Further, it 
is not yet known just what kind of structural change is 
necessary to give this high degree of specificity. Invertase 
hydrolyses sucrose, maltase hydrolyses maltose, peptin 
degrades proteins, emulsin hydrolyses only /3-glucosides. 
Sometimes the specificity is not all exclusive. Thus emulsin 
will accelerate the hydrolysis of a number of glucosides, but 
the acceleration is not the same in all cases. Enzymes will 
also discriminate between stereoisomeric compounds. For 
example, when lipase attacks racemic ethyl mandelate the 
dextrorotatory ester is hydrolysed more quickly than the 
laevorotatory one. 

Enz 3 mes will also effect oxidation and reduction as well 
as hydrolysis. Even the products of an enzymatic reaction 
may be markedly modified by environment. Under normal 
conditions with yeast about three parts of glycerol are 
formed for a hundred parts of sugar fermented. On raising 
the pH value of the medium, as much as 30 to 40 parts of 
glycerol can be formed. 

Although the precise nature of the enzyme is not known, 
it is a large molecule which cannot diffuse through permeable 
membranes. If, however, an enzyme solution is submitted 
to dialysis something does pass through the membrane, 
which results in the enzyme losing its activity. Wlien the 
dialysate is added to the enzyme, activity is restored. The 
dialysable material is the so-called co-enzyme. 

In conformity with the definition of a catalyst, an enzyme 
when present in small proportion does not alter the state of 
equilibrium in a reaction. Thus the hydrolysis of /3-glyceryl 
glucoside C^HjjOs . C 3 H 7 O 2 is accelerated by the enzyme 
emulsin, and similarly, the combination of glucose and 
glycerol is accelerated by emulsin, so that whether one starts 
with the glucoside and water or with glucose and glycerol, 
the same equiUbrium point is reached in each case. A 
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similar result is obtained in the case of the liydrolysis of 
amyl butjTate to am 3 d alcohol and butyric acid, and in the 
sjmthesis of the ester from the acid and alcohol under the 
influence of lipase extracted from the pancreas. The same 
equilibrium point is reached from both sides. 

Heterogeneous Reactions. — In all the reactions discussed 
above the seat of chemical transformation has occurred 
wholly' in the gas phase or in the liquid phase. Such reactions 
are, therefore, termed homogeneous. On the other hand, it 
is often found that the shape of a reaction vessel markedly 
affects the rate, and in particular the rate may increase if 
the surface : volume ratio of the vessel is increased. In 
addition, it may happen that the introduction of solids of a 
great variety of tj’pes may induce reactions to occur whose 
velocity and course are quite different from that occiirring 
in a homogeneous reaction. These experimental observations 
clearly show that the seat of reaction is connected with the 
presence of the gas-solid or liquid-solid interface. Further- 
more, we shall see in Chapter XX that at the solid-gas 
(liquid) interface there is a tendency for molecules to con- 
centrate. But the quite specific chemical reaction induced 
by the presence of solids clearly demonstrates that the 
reaction takes place wholly at the interface. These are, 
therefore, heterogeneous catalytic reactions for, in the 
majority of cases, the chemical composition of the surface 
of the solid is not changed by the occurrence of reaction 
upon it. 

The aim in studjdng the velocity of these reactions is to 
attempt to describe chemically the course of events in a 
manner similar to that for homogeneous reactions, from the 
time the reactant molecules strike the sru-face until the 
products leave the surface. The variables that can be 
obser^'ed are the effect of concentration of molecules in the 
gas or liquid phases and the effect of temperature. The 
bulk chemical nature of the catalj’^st gives some clue to the 
chemical nature of the surface, and studies in adsorption 
give a measure of the amount of material that can be 
adsorbed by the surface. 

The variety of reactions that can be brought about is 
without limit, but the most studied are probably hj'^dro- 
genations and oxidations. While both hydrogenation and 
oxidation can occur homogeneously, the heterogeneous 
catalytic reaction will occur at much lower temperatures 
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and lead, therefore, to products wliich are too unstable to 
survive high temperature processes. With gas phase reactions 
the normal procedure is to pass the gas mixture at a known 
rate over the solid catalyst maintained at a suitable tempera- 
ture and analyse the products of reaction. Alternatively, 
sometimes the catalyst in a finely divided form is blown 
through the gas mixture, and the gas and solid separated by 
suitable cyclones. This is the so-called “ fluid catalyst 
process, used only industrially on a large scale. For static 
experiments with metallic catalysts a simple fine wire 
filament serves as the catalyst. 

In order to get the maximum activity at the lowest 
temperatures the specific surface of the catalyst {i.e., the 
area of surface per gram of catalyst) must be large. 
Mechanical subdivision is sufficient in some cases, but two 
general methods provide the extensive surface usually 
required. The first is to deposit the solid catalyst on an 
inert body having a porous structure and very large specific 
surface. The second is to break up the surface of a massive 
catalyst by repeated oxidations and reductions. Again, it 
may be necessary to subject the substance to specific types 
of treatment before the necessary catalytic activity is 
developed. 

Nature oi Catalyst. — Heterogeneous catalysis is usually 
specific, but it is fortimately not quite so specific as to 
preclude the formulation of certain guiding principles in 
regard to the choice of catalyst for promoting a defined 
reaction. In the case of hydrogenation, for example, there 
is the general rule that a wide variety of metals — nickel, 
platinum, palladium, copper — are effective, but iron, gold 
silver, tungsten, molybdemmi are not specially effective. 
Hydrogenation reactions not only include the interaction with 
oxygen, carbon monoxide and the hydrogenation of ethylene 
compounds but the break-up of hydrocarbons into simpler 
hydrocarbons. Hydrogenating catalysts are also effective 
in promoting exchange reactions between deuterium and 
hydrogen-containing molecules such as water, ammonia 
and hydrocarbons both saturated and unsaturated. There 
seems little doubt, therefore, that it is the hydrogen 
molecule that is brought into a state of reactivity, most 
probably by its dissociation into atoms which are held 
on the surface of the catalyst. The state of the adsorbed 
molecule wliich reacts with hydrogen is an important 
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fact in determining the velocity rather than the possibility 
of hydrogenation. 

Similarlj^ if conditions are favourable, at a given 
temperature catalytic dehydrogenation may be carried out 
with the same types of catalyst. That tliis type of reaction 
is not normally observed is due to the fact that at low tem- 
peratures and with normal hydrogen pressures it is the fully 
hydrogenated state that is most stable. 

It is hardly correct to cite as an example of hydrogena- 
tion the formation of ammonia from hydrogen and nitrogen, 
for a special type of catalyst consisting mainly of iron 
with promoters is nece.ssary to maintain activity. Nickel 
molybdenum catalysts are also effective. These and 
other observations point to the fact that nitrogen must 
also be brought into a state of reactivity. One of the 
most striking cases of specificity is the catalytic inter- 
action of hydrogen and carbon monoxide. If a nickel 
catalyst is iised at temperatures from 200® to 400® c. and at 
1 atmospiiere the product is methane by the reaction 
CO -f 3 H 2 = CH 4 -f- HgO. If, however, zinc oxide-chromium 
oxide catalysts are used at 200 atmospheres and 300® c. the 
product is methanol CO -l- 2 H 2 = CH 30 H. If these oxide 
catalysts are modified by the addition of allcali oxides, 
higher aliphatic alcohols make their appearance. Still more 
surprising is the fact that returning to atmospheric pressure 
and using a cobalt-thoria-kieselguhr catalyst in a very 
limited temperature range around 190® c. the products are 
straight chain hj^drocarbons and olefins containing up to as 
many as 20 carbon atoms. It would appear as if tlie carbon 
monoxide molecules are reduced to CHg radicals, a number 
of which join up together to give an olefin which may be 
reduced to the saturated hydi’ocarbon. Each of these 
reactions is of major industrial importance, the methane 
synthesis providing a method for raising the calorific value 
of water gas, the methanol synthesis being now the standard 
metliod of manufacture, and the hydrocarbon synthesis 
being the Fischer Tropsch process for the production of 
synthetic petroleum. 

Oxidation processes are equally specific. With a platinum 
catalyst ethylene is oxidised to CO 2 and HgO. With a 
specially prepared silver catalyst ethylene oxide can be 
obtained in good yield, but if conditions are slightly changed 
this may isomerise to acetaldehyde. Many more examples 
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of empirically discovered reactions could be cited. The 
main function, however, at present, is to see how study 
of the velocity of these reactions can provide some 
clue as to their mechanism. Unfortunately it must be 
conceded that the higlily specific character of catalysis is 
difficult to explain, and unfortunately almost impossible 

to predict. 

The measurables are the effect of the pressure of the 
reactants and of products, the temperature, and may be a 
knowledge of what factors affect the volume of gas taken 
up by the particular catalyst being used. The problem is 
to try and elucidate the mechanism of molecular trans- 
formations on the surface of the catalyst. The rate of 
reaction is not governed by the rate at which molecules 
strike the surface for, in general, this rate is exponentially 
dependent on temperature in precisely the same way as a 
homogeneous reaction. By analogy, therefore, some kind of 
activation process must be involved. Further, it must be 
concluded that the rate of reaction will be governed at least 
by the concentration of adsorbed molecules. 

Decomposition ol Ammonia on Tungsten. — ^Tungsten 
powder or tungsten filaments thermally decompose ammonia 
into hydrogen and nitrogen at temperatures from 500® c. 
upwards. At lower temperatures the rate of reaction does 
not depend very much on pressure, as shown in Fig. 142, in 
which the amovmt of ammonia decomposed is plotted as a 
function of time for initial pressures of 50, 100 and 200 mm. 
respectively. The slopes of these curves, i.e., the rate of 
decomposition increases only slightly with pressure. This 
is the characteristic of a zero order reaction — a state of 
affairs very rarely met with in homogeneous reactions. 
Another characteristic of such a zero order reaction is that 
the time required for half the substance to react should be 
proportional to its concentration. This nearly holds for the 
ammonia reaction in which the relative times for half 
decomposition are in the ratio 1 : 1‘92 : 3-62. Measure- 
ment of the temperature coefficient of the rate of 
decomposition gives an energy of activation of 45 kg.-cal. In 
this reaction added hydrogen or nitrogen has no effect on 
the reaction. Furthermore, at 866® o. and 100 mm. the 
pressure of ammonia present at equilibrium is quite negligible 
and the reaction virtually goes to completion. The inter- 
pretation of the mechanism is, therefore, as follows : 
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Ammonia is adsorbed so strongly that it covers all the 
available sites on the catalyst surface. Whether the molecule 
is adsorbed as such, or whetlier it is split up, say, into NHg 
and H i.s not known. When the system acquires an energy 
of at least 45 kg. -cal. a further chemical transformation takes 
place in such a way that molecular hydrogen and nitrogen 
are formed on the surface. Since these gases are not strongly 
adsorbed they evaporate rapidly, leaving an adsorption site 
available for another ammonia molecule. Unfortunately 



Fio. 142. 

(llcdrawD from Hinslichvood. Th€ Kiruiie$ o Chemical Chai\ot^ by 
pcmiissiOD of Oxford University Press.) 

nothing more can be said from the available data. It is a 
matter for speculation whether two adsorbed ammonia 
molecules react to give Ng-i-SHg or whether, say, NHg 
radicals interact to give Ng -I- 2 H 2 , tlie remaining hydrogen 
evaporating. In view of these complexities in mechanism it 
is not possible to say what process requires the energy of 
activation of 45 kg. -cal. It is, therefore, an almost impossible 
task to correlate absolute rate and energy of activation as 
for homogeneous reactions. The important point, however, 
is that energetically it is easier to effect transformation at 
the surface than in the homogeneous gas phase, t.e., the 
metallic catalyst provides the easier reaction path. It is 
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this particiilar function of catalysts that makes them so 
important chemically in lowering the temperature required 
for chemical transformation to occur. 

First Order Heterogeneous Reactions. — Phosphine, like 
ammonia, is decomposed into red phosphorus and hydrogen 
by tungsten and also molybdenum. With the latter metal, 
and at high enough pressures, the reaction is very nearly 
zero order, and the energy of activation is 39-3 kg. -cal., thus 
indicating a mechanism similar to that for ammonia. But 
as the pressure is lowered the reaction becomes first order. 



This is shown in Fig. 143, where it will be seen that the time 
for decomposition of half the phosphine gradually becomes 
independent of pressures — the characteristic of a first order 
reaction. At the same time the energy of activation drops to 
15-1 kg.-cal. The reason for this change is that at the lower 
pressures the catalyst surface is not wholly covered by 
adsorbed phosphine molecules. The proportion of the surface 
covered then becomes proportional to the phosphine pressure. 
But since the rate of decomposition is, under these conditions, 
also proportional in the same way to the pressure, it must be 
presumed that whatever be the precise mechanism whereby 
the molecule decomposes, this is a process concerned with only 
one molecule at a time. Similarly, at low pressures, when the 
temperature of the catalyst is increased, two things happen : 
The number of moleci^es adsorbed on the surface will 
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decrease because heat is evolved on adsorption. The number 
will decrease in a manner proportional to where A 

is the heat of adsorption per mole. On the other hand, the 
rate of decomposition of these molecules remaining on the 
surface will increase at a rate proportional to where 

E is the true energy of activation. The apparent energy of 
activation will thus he E - X, and is in this case 15*1 kg. -cal. 
In decomposition reactions of tlxis kind it may be that one 
or other of the products of reaction is more strongly adsorbed 
than the reactant itself. Hence as the products accumulate 
the reaction rate will fall off at a greater rate than would 
otherwise occur. 

State ot the Adsorbed Molecule. — It will have been seen 
from the above discussion that an examination of the factors 
affecting velocity does not really give any clue to the way 
in which the molecule is adsorbed. The point at issue is 
whether the molecule is adsorbed as such or whether it is 
broken into fragments. The first possibility really corre- 
sponds to physical adsorption, but it must be recognised 
that the configuration of the adsorbed molecule is subject 
to a considerable amount of change so that its reactivity 
is increased. The second case corresponds to a chemical 
reaction between the gas and the adsorbing surface, in which 
the molecule is broken into fragments either atoms or radicals, 
each of which interacts chemically with the unsaturated 


valence forces existing at the surface. 

It is, for example, important to find how hydrogen is 
adsorbed so that its high reactivity in presence of catalysts 
may be explained. The experiments with hydrogen atoms 
(see p 479) have shown that metals rapidly catalyse their 
recombination. Likewise it might be expected that the 
same metals would dissociate hydrogen molecules il they 
were adsorbed. Some information on tliis point can be gained 
by studying the reaction H 2 + D2=2HD. The formation 
of HD molecules can be followed by measuring the small 
change in thermal conductivity that occurs during the 
reaction : alternatively the mass spectro^aph may also be 
used for H 2 + and D 2 + will be accompamed by t^ 10 ns HD 
when HD molecules accumulate. When Hg - Dg mixtures 
are brought into contact with hydrogenating catalysts it is 
:[most an invariable result that HD molecules are formed 
much more quickly than hydrogenation occure. The easiest 
way of expl^ning this result is to suppose that when adsorp- 
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tion takes place there is the possibility that since the original 
molecules have lost their identity H and D combine and 
evaporate. Thus it is these adsorbed atoms that attack the 
molecule to be hydrogenated. Furtliermore, the rate of 
formation of HD molecules ought to give the rate of pro- 
duction of adsorbed atoms. Since the rate of h3^drogenation is, 
in general less, then it is the interaction of the adsorbed atom 
with the other molecule that determines the rate. While 
this mechanism probably does occur there unfortimately is 
another possibility, for HD molecules may be formed in 
quite another way. In discussing the interaction of bromine 
atoms with hydrogen molecules (p. 468) the mechanism is 
really a simple exchange process, Br + Hg-^BrHH-vBrH -t- H. 
Precisely the same kind of process might occur in which, say, 
a deuterium molecule interacts with an adsorbed hydrogen 
atom thus S — H +D — D ->• S — D -hHD (where S represents 
an adsorption site). Thus HD molecules may be formed by 
an exchange process with the intermediate formation of 
atoms for each transformation. 

The use of isotopic tracer elements, of which the above 
is an example, can be extended to the other molecules. 
Again, using hydrogenating catalysts, it is found that 
reactions of the following ty^ D2-I-HX=DX +HD where X 
may be a group of atoms, e.g., OH, NHg, CHg, etc. In, for 
example, the exchange reaction with methane the problem 
does arise with regard to the adsorbed methane molecule. 
In order to decide the matter we may use a mixture of CH4 
and CD4. If the molecule is adsorbed as such and reacts in 
that form then when mixtures of these two gases are brought 
into contact with the catalyst no mixed molecules of the 
ty^s CH3D, CHgDj and CD3H should be formed. On the 
other hand, if exchange involves adsorption with dissociation, 
say, into methyl radicals and hydrogen atoms, then mixed 
molecules should be produced at the same rate as exchange 
occure. This matter has been investigated, and it was 
found that exchange rates and mixed molecule formation 
rates are equal. Here the reaction was followed by examining 
the infra-red absorption spectrum of the hydrocarbon 


in hydrogenation is, however, the 
ethylemc molecules. Here there is a further 
possi^ty of, say, ethylene reacting with a surface. It 
may be that m adsorption the double bond is opened out 
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there being formed a cyclic compound with the surface thus 

CHg— CHg 

I I 
s— s 

The surprising obseiwation is that if hydrogenation is 
carried out with deuterium some of the ethylene xmdergoes 
exchange as well as hydrogenation. This might imply 
dissociation of the ethylene molecule to hydrogen and C2H3. 
A mixture of ethylene and tetra — deutero — ethylene does not, 
however, undergo exchange. Therefore, it would appear 
that dissociation does not occur. The exchange reaction 
with deuterium can, however, be explained in another way 
by means of the half-hydrogenated state. If a deuterium 
atom attacks the ethylene molecule thus 

CH^D 



CHg— CHD H 

— s — s — s 


an adsorbed partially dcuterated ethyl radical is formed. 
This may be further hydrogenated to ethane or, alternatively, 
it may dissociate again. There is, however, roughly an equal 
probability that eitlier a hydrogen or deuterium atom is 
broken oil. Hence a partially deuterated ethylene may 
remain. 

Tliis general kind of mechanism explains the phenomenon 
of double bond shift. For example, of the two molecules, 
butene-1 and butene-2, the latter is the more stable, and 
thus it should be possible in prineiple to obtain a catalyst 
which will effect this transformation. Tliis double bond 
shift has been obser\'cd with hydrogenation catalysts, and 
it is cspcciall^’^ marked if a small amount of hydrogen is 
present. The transformation can readily be explained if 
it is assumed that the double bond is opened out as with 


ethylene 

H CH,— CH— CH,— CH, 
S— i — S — S — S 


CH3— CH— CH,— CH , 
— S~i — S — S 


CH, CH, 
CH— CH H 

i-U 


Catalyst Poisoning. — One of the troubles experienced with 
active catalysts is their sensitivity to impurities present in 
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the reacting gases. The matter is simply explained, the 
poisons being much more strongly adsorbed than the 
reactants. In some cases a few parts per million are 
sufficient, and it would seem that not enough poison is 
present to cover completely the catalyst surface. Another 
relevant observation is that it often happens that a poison 
will strongly affect catalytic reactivity, but the volume of 
gas adsorbed is not affected. These observations imply that 
the activity of the surface is far from uniform and, in 
particular, that adsorption sites are not necessarily reaction 
sites. It is these specially active sites that are put out of 
action by very small amounts of poison. 



CHAPTER XIX 


INTERFACIAL AND RELATED 

PHENOMENA 

Crystalloids and Colloids. — When one brings copper sulphate 
in contact with water it dissolves, and a blue solution is 
obtained in which, we may believe, the molecules of the 
dissolved substance (or its ions) are uniformly distributed 
throughout and among the molecules of water. The mixture 
is said to be homogeneous. If to the solution of copper sul- 
pliate one adds excess of ammonia, a liquid of a much deeper 
blue colour is produced, and in this case also the molecules 
of the dissolved substance, copper ammonia hydroxide, are 
distributed uniformly throughout the solution. Another 
dark blue liquid of similar appearance is obtained when one 
mixes dilute solutions (containing, say, 1 gram-molecule in 
300 litres) of ferric chloride and potassium ferrocyanide, and 
one is therefore inclined to say that the blue liquid is a 
solution of Prussian blue in water. When, however, one 
studies more fully the properties of these two dark blue 
liquids, it is found that they differ in some very important 
respects. 

It has already been pointed out (p. 103) that substances 
in solution, like the molecules of a gas, possess the power of 
diffusion ; and this diffusion of the molecules of a dissolved 
substance can readily be demonstrated in the following 
way : — 

A 3'5 per cent, solution of gelatin is poured into a test-tube to a depth of 
8-10 cm. and allowed to set to a jelly. If on the top of this jelly one now pours 
a solution of copper sulphate (say, 10 per cent.) or of copper ammonia hydroxide, 
it is found that in tho course of a few hours the blue colour of the di^olvod 
substance will have penetrated some distance into the gelatin layer ; and in the 
course of twenty-four hours a blue band 1 cm. or more in depth will bo produced. 

On carrying out a similar experiment with the apparently homog^eous 
dark blue liquid containing Prussian blue, the gelatin remains uncoloured. In 
this case, therefore, diffusion into the gelatin does not take place, or takes place 


* It has been found that tho presence of tho gelatin reduces, only com 
paratively slightly, the rate of diffusion of tho solute molecules. 

502 
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incomparably more slowly than in the case of copper sulphate or of copper 
ammonia hydroxide. One is consequently led to the conclusion that the Prussian 
blue is not present in the molecular state in the blue liquid^ but in the form of 
larger particles or aggregates. 

This conclusion is borne out by another experiment. When the solution 
of copper ammonia hydroxide is poured into a ** diffusion ahetl or tube of 
parchment paper closed at one end, partially immersed in water, the blue colour 
very soon makes its appearance id the outside water ; but when the same 
experiment is carried out with the Prussian blue, the outside water remains 
colourless. The molecules of the copper salt can pass through the parchment 
membrane, but tbe larger aggregates present in the liquid containing Prussian 
blue are retained* 



FlO* 144. 


This difference in behaviour forms, historically, the very 

basis of our knowledge of the colloidal state. The process 

of diffusion of dissolved substances through a parchment 

paper or animal membrane (such as pig’s 

bladder), a process known as dialysis, was 

first made the subject of investigation 

by Thomas Graham in the sixties of last 

century. Into a dialyser such as is shown 

in Fig. 144, the bottom of which is 

formed by a membrane of parchment 

paper or of pig’s bladder, solutions of 

different substances are poured, and the 

vessel is then suspended so that the 

membrane is below the surface of water. 

By testing the outside water it can be 

ascertained whether or not the dissolved substance has 

^ffused through the membrane. In this way Graham 

found that whereas certain substances readily pass through 

the membrane, other substances either do not pass through 

at aU, or pass through with very great slowness. Since the 

substances which can diffuse through parchment paper are 

such as generaUy crystallise weU, e.g., sucrose, sodium 

cUonde, and other salts, whereas those which do not pass 

through, e.y., starch, gelatin, glue, etc., are amorphous, and, 

as was thox^ht, non-crystallisable, Graham divided sub- 

of crystalloids and colloids (from 

and this distinction is one which 

mamt^ined. Appropriate, however, as Graham’s 

‘ substonces appeared to be at the time, it 

“ regarded as suitable. The terms 

to * coUoid ” can now no longer be employed 

substances, but only different 

Ind^elatS wh- substances such L albumin 

nd gelatm. which Graham regarded as distinctively colloid. 
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been obtained in the crystalline form, but even such definitelv 
crystalloid substances as common salt have been obtained 
in the colloidal state. Although, therefore, the term 
colloid is still retained, it has acquired a new signification, 
and it is now recognised that the colloid properties of matter 
depend on a particular state of aggregation or degree of sub- 
division of matter, intermediate between the comparatively 
gross matter which can be observed by means of a microscope 
and the molecular state. 

It may, perhaps, seem strange that this particular range 
of subdivision of matter sliould be singled out for special 
study, but the justification for this is found in the fact that 
matter in this state does possess properties wlxich are not 
exhibited, or are exhibited in a much lower degree by 
molecularly dispersed matter or by the grosser microscopic 
particles. These properties, as will appear more clearly 
later, depend mainly on the enormous e.xtent of surface 
exposed by a given mass of matter, so that surface forces 
play a predominant part in the behaviour of matter in the 
colloidal state. ^ 


The magnitude of the increase io total surface produced by subdivision wil] 
be understood from the following figures : A cube of 1 cm. side has a total surface 
of 6 sq. cm. ; if this cube is subdivided into cubes of j /ir. nim. side, the total 
number of cubes will be one thousand billion (10^^), and tlie total surface will bo 
GO sq. metres ; and if the subdivision is carried farther so that the cubes have 
a side of one-millionth of a millimetre, the number of cubes will bo one 
thousand trillion (10-^), and the total surface will be GOOD sq. metres, or 
G X 10’ aq. cm. One cubic centimetre of activated charcoal used in gas masks 
was calculated to have a surface area of 1000 sq. metres. 


The method of dialysis through parchment paper is one 
of great practical importance, because, on the one hand, it 
gives a means of distinguishing between a colloidal solution 
or colloidal sol, as it is called, and a true or crystalloid solution 
(in which the dissolved substance is in the molecular state) ; 
and, on the other hand, it gives a means of preparing a 
colloidal sol free from crystalloids (or substances present in 


true solution). 

It will be clear that a colloidal sol is heterogeneous, and 
that it is a system in which the particles of a disperse 
phase are distributed in a continuous dispersion m^ium. 
According to Wolfgang Ostwald, a coarsely disperse 


* For a fuller treatment of the subject, see W. D. Bancroft, Applied Colloid 
Chemistry ; H. Freundllch. The EUmeuts of Colloidal Chemistry, trans. by G. 
Barger ; H. R. Kruyt. Colloids, trans. by van Klooster ; E. A. 1- luser, 
Phenomena (McGraw-HUl) ; A. W. Thomas, Colloid Chemistry (McGraw-HiU). 
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system is one in which the particles of the disperse phase 
can be seen by the naked oye or with the aid of a microscope ; 
a colloidally disperse system is one that requires the ultra- 
microscope (p. 507) to detect the particles of the dispersed 
phase; a molecularly disperse system, being homogeneous, 
is a true solution. From this viewpoint Freundlich ^ 
classified the possible combination of phases in the following 
table, the first named being the dispersion medium ; the 
second the disperse phase. 


Gaseous — Liquid 
oUd 

Liq uid — Gaseous 
Liquid — Liquid 
Liquid-^^oUd 
Solid — Gaseous 
Solid — Liquid . 
Solid— Solid . 


Examples. 

Mist. 

Smoke. 

Foam. 

EmubioD. 

Suspension. 

Solid Foam. 

Solid Emulsion. 
Solid Suspension. 


Of these the emulsions and Suspensions are the most 
important ; and particularly those systems with water as 
the dispersion medium. 

The Size o8 the Colloid Particles. — ^Although a true 
solution, in which the solute is in the molecular state, is 
classed as homogeneous and a colloidal sol as heterogeneous, 
there is no sharp division between the two, and it is possible 
to pass gradually and continuously from true solutions to 
suspensions. Further, the dispersed material may be in the 
molecular (or ionic) state and yet be of colloidal dimensions 
e.flr., m soap solutions. The following table, which is due to 
Zsigmondy, gives the sizes of particles in different systems 
and the vanation of properties with the size of the particle.^ 


0-1 mu. 1 CTU. 10 ffm. 100 mm Ipu lOy. 100 m. 1 mm. 


True solutions ; Colloidal solutions 



Particles show increased 
solubility 



‘ Co/toW and CapiUarjf Chemutry, Eng. Trans., 1926 n 3 

(0.00tmT.raoS3SiL"^ - ^ 

of a micron, or equal to one-maiionth oft^fcetre^ ^ ^ one-thousandth 
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Methods of Determining the Size of Particles. — (1) The 
Ultra-microscope . — Tiiis method of examining a colloidal sol 
is due to Faraday, 1 who wrote of the red gold sols : “ When 
in their finest state [they] often remain unchanged for many 
months and have all the appearances of solutions. But 
tliey are never such, containing, in fact, no dissolved but 
only diffused gold. The particles are easily rendered evident 
by gathering the rays of the sun (or a lamp) into a cone by a 
lens and sending the part of the cone near the focus into the 
fluid. The cone becomes visible, and though the illuminated 
particles cannot be distinguished because of their minuteness, 
yet the light they reflect is golden in character.” The method 
was afterwards (1809) applied more fully by the English 
physicist, John T 3 ’ndaU (1820-93), and the production of 
the beam due to scattered light is called the Tyndall 
phenomenon. 

If a beam of light is passed through pure water or through 
a solution of salt, the path of the beam is invisible; the liquid 
is “optically empty.” * If, however, a beam of light be passed 
through a colloidal sol of, say, arsenious sulphide or of 
mastic, obtained by pouring an alcoholic solution of the 
resin into water, the path of the beam is traced by a 
diffused light, like the simbeam in a darkened room. By 
means of the Tyndall phenomenon, therefore, one can 
detect the presence of particles too small to be seen in the 
ordinary way, if only the light reflected or dispersed by 
the particles, and not the direct rays from the source of 
light, are allowed to enter the ej’c. And it will be clear that 
if, instead of the imaided eye, one employs a microscope to 
examine the reflected light, one can extend still farther 
one’s range of vision, so that one can detect, although not 
actually see in their own shape and colour, particles which 
are much smaller than can be seen when the microscope is 
used in the ordinary way. On the basis of this principle 
there has been devised an arrangement known as the ultra- 
microscope, due more especially to the German physicist, 
H. Siedentopf, and German chemist, R. Zsigmondy, by means 
of which not only the heterogeneity of colloid sols can be 
detected but also the number of particles in a given volume 


* Owin^to"^the presence of floating particles even in filtered water, the 
TyndaU phonomonon wiU be observed with ordinap P'*™ , 
prTOautioM must bo adopted to free the water from aU suspended particles. 
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of the sol can be determined. This arrangement is shown 
diagrammatically in Fig. 145. A powerful beam of light is 
sent horizontally into the liquid under investigation, at right 
angles to the line of vision through the microscope, and the 
point of focus of the beam examined. If the liquid under 
examination is optically empty the field of view in the 
microscope will appear 
dark ; but if particles 
are present in the 
liquid, minute points of 
light will be observed 
against the dark back- 
ground. These points 
of light will be seen to 
be in more or less rapid 
movement (Brownian 
movement; p. 69). The 
points or discs of light 
are due to the diffraction 
of the rays of light by small particles called submicrons ; 
and a diffuse light may also be observed due to the presence 
of still smaller particles, not distinguishable as individuals, 
called amicrons. 

For most purposes one may also use a dark-ground con- 
denser in place of the ultra-microscope just described.^ 

By means of the ultra-microscope it is possible to detect 
the presence of particles having a diameter of not less than 
about six-millionths of a milUmetre mm.) or 6 

i^limicrons (6 w/a), whereas the smallest particle directly 
observable by a microscope in the ordinary way has a 
^ameter of about mm. or 0-2 /x. FaUure, however, 

to detect the presence of particles by means of the ultra- 
microscope does not necessarily mean that the liquid is 
homogeneous. It may be that the particles are present as 
amicrons, or it may be that the refractive indL of the 

of colloid particles was determined by Siedentopf 

Sr engraved scall 

By analysis, the total mass m of the dispersed phase in unit 

if»er<««)py ^ Masoa. Handbook of Chtm^ 
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volume of the sol was determined. The number of particles 
71 in unit volume of the sol was obtained by a direct count 
of the number of particles in the illuminated volume of the 
sol in the ultra-microscope. This volume was fixed by the 
depth of the illuminating beam and by the area of the 
field. The volume of a particle was then calculated from the 

expression v = where d is the density of the substance. 

Assmning the particles to be spheres (which is plausible only 
in certain cases) the diameter could then be calculated from 
the volume of the particle. 

Some idea of the dimensions of colloidal particles will 
be obtained from the statement that the diameter of human 
red blood corpuscles is about 7*5 /l 4, micrococci have diameters 
of the order of 1/x, while the particles of a colloidal gold sol 
have diameters of 7-15 The molecule of hydrogen has 

a diameter of about 0-1 m/x, that of sodium chloride a 
diameter of about 0*26 w/x, and that of cane sugar a diameter 
of about 0*7 771^, or about one-tenth of the dimensions of 
the smallest ])articles detectable by means of the ultra- 
microscope. 

2. Sedimentalio7i. — According to Stokes’ law, the radius 
of a spherical particle falling witli constant velocity v, in a 
medium of viscosity rj, is given by the expression 

/9 r)V 

^ '2 ■ id;^'^g^ 

where g is the gravitational constant, dj, the density of the 
particle, and di the density of the liquid. The rate of 
sedimentation is determined from the movement of a 
boundary between the sol and the pure medium, or by the 
use of the ultra-microscope to count the particles periodically. 
In tlie case of very small particles (e.g., gold particles of 
radius less than 50 mfi) no settling is observed under tlie 
action of gravity, but tlie method can still be used if a force 
greater than gravity is applied by means of a centrifuge 
(p. 524). 

3. Ultra-fiUratio7i . — That the particles of colloidal sols 
vary in size is shown by the fact that it is possible not o^y 
to separate colloids from crystalloids by dialysis, or diffusion 
through parcliment paper and other membranes, but also 
to separate different colloids from one another by the use 
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of membranes of different porosity. Sucb membranes have 
been prepared, more especially by J. H. Bechhold,^ who 
employed filter paper impregnated with gelatin hardened 
with formaldehyde, or with collodion prepared by dissolving 
guncotton in glacial acetic acid. By using solutions of 
different concentrations, membranes of different porosity can 
be obtained. Filtration through such membranes is called 
ultra-filtration, and is carried out under pressure. 

By the use of ultra-filters of different porosity it is 
possible to classify colloidal sols according to the mean size 
of the particles present in them, and a list of such systems 
with particles varying in dimensions from those present in 
suspensions to those present in true solution has been drawn 
up by Bechhold : 


SiupeMiona . • « « 

Prussian blue 

Colloidal platinum (Bredig) 
Colloidal fanric hydroxide • 
Casein (in milk) « 

Colloidal arsenious sulphide 
Colloidal gold (about 40 m u) 
Colloidal bismuth oxide (Paal) 
Colloidal silver (collargol) • 
Gelatin (1 per cent.) . 


Hsemoglobia (1 per cent.) 

Serum albumin 

Diphtheria toxin 

Protalbumoses 

Colloidal silioto acid 

Lysalbic acid 

Deuteroalbumoses 

Litmus 

Dextrin 

Crt/aUUlcids 


By means of ultra-filtration it is possible to separate 
colloids from one another, e.g., albumin from its decomposition 
products, the albumoses, and so obtain information regarding 
changes which may occur in colloidal sols. In using the 
ultra-filter for the purpose of determining the size of colloidal 
particles, however, the possibility of adsorption must be 
borne in mind.^ Thus, in filtering a mixture (green) of 
Prussian blue and haemoglobin a red filtrate of the finer 
haemoglobin is obtained, but if arsenious sulphide is sub- 
stituted for haemoglobin all the particles are retained even 
when usmg a filter which normally passes arsenious sulphide 

The retention IS due to adsorption of arsenious sulphide on 
the Prussian blue. 


Q- S. Walpole. Biochern, J 
1127; Firry; Chem S«,: 

1928, IW, 276, 813 ; A. Augabergcr, Btochem. Z., 
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In recent years ultra-filtration has become of increasing 
importance and can be used not only as a test for the exist- 
ence of substances in the colloidal state, but also for the study 
and control of filter-passing viruses. For these piirposes, 
membranes of cellophane have been recommended.^ By 
suitable treatment the size of the pores can be reduced and 
the cellophane membrane converted into a molecular sieve ; 
and the permeability for different solvents, e.g., alcohol’ 
benzene, etc., can be altered. 

Filters having pores of 0-02 ^ have also been obtained by 
the deposition of successive thin layers of carborundum of 
graded particle size on a layer of sintered glass. ^ 

4. Absoription and Scattering of Light . — With regard to 
the dispersion of light by very small colloid particles, it may 
be mentioned that the shorter waves of light — the blue of 
the spectrum — are scattered more than the longer waves 
which make up red light. Consequently, when the path of 
a beam of light is observed from the side, against a dark 
background, the scattered light waves which enter the eye 
are mainly those of shorter wave-length, and so the sensation 
of blue is obtained. If, however, the colloidally dispersed 
matter is viewed by transmitted light, the colour appears 
red. The very fine smoke rising from a wood fire, for 
example, appears of a blue colour when it is illuminated 
from the side and when it is viewed against a dark back- 
ground ; but when one views the smoke against a background 
of white clouds, that is, by transmitted light, the smoke 
appears reddish-brown in colour. 

The relation between the size of the particles and the colour of a sol can bo 
seen by coagulating a red gold sol prepared by adding 6-10 ml. of alcohol to 
100 ml. of a boiling 0 001 per cent, gold chloride solution This sol is very 
sensitive to electrolytes because no protective agent is present ; addition of a 
drop of dilute hydrochloric acid or sodium chloride solution causes a change 
of colour to blue in a few seconds. Examination with the ultra-microscope 
proves that the blue sol has larger particles than the red sol (see “ gold number,” 

^ ^P^uction of Colloidal Sols- — In the case of emulsoid or reversible colloids, 
the production of a colloidal sol takes place, as in the case of a true solution, by 
bringing the dry substance, c.y., gelatin, in contact with water or other dis- 
persion medium under suitable conditions. In the case of suspensoid or irre- 
versible colloids, however, special methods must be adopted. In preparing 
such sols one may proceed from matter in the molecular state (in solution) 
and pass to the larger particles of the colloid state ; or one may start with 


‘ J. W. McBain and S. S. KLstler, J. Otn. Physiol, 1028, 12, 187 j J. Physicai 
Chem., 1931, 35, 130. 

* Amat and l^uclaux, J. Chim. Phys., 1038, 85, 379. 
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precipitatioQ occurs, as shown by the absence of colour from the supernatant 
liquid. In the above case the optimum amounts will be found to be about 
9 ml. As*S, sol and 1 ml. Fe(OH), sol. Vary the proportions by fractions of a 
millilitre on either side of the approximate optimum point. 

To illustrate the mutual precipitation of colloids one may also use Congo red 
( - ) and riight blue ( + ) in 0-1 per cent, solutions. 

The belmvioux observed in the above experiments indi- 
cates that precipitation is due to the mutual neutralisation 
of electric charges, and the optimum condition is obtained 
when the proportions of the two colloids are just sufficient 
to produce uncharged masses, or when the two opposite 
charges are equivalent. The particles then coalesce and 
undergo precipitation. It may be concluded, therefore, 
that in the case of any two colloids the optimum amounts 
will be definite and the “ adsorption complex ” will therefore 
simulate a compound. This conclusion is in harmony with 
experimental results in the case, for example, of tannin and 
gelatin, tannin and basic dyes, basic and acid dyes, etc. 

No precipitation takes place when colloids having 
charges of the same sign are mixed. 

Precipitation of Snspensoids or Lyophobic Colloids by 
Electrolytes. — One of the most notable facts in connection 
with the behaviour of suspensoid sols is that, although non- 
electrolytes are without effect on the sols, precipitation of 
the colloid readily takes place on addition of electrolytes. 
This fact was known to Faraday, who observed that gold is 
precipitated from a ruby gold sol by addition of salts, and 
is readily demonstrated by adding hydrochloric acid to 
arsenious sulphide sol or to a ruby gold sol. In the latter 
case the red particles first aggregate together to form the 
larger blue particles and then separate out as a precipitate. 
This precipitation is intimately connected with the electrical 
charge on the colloid particle. 

It has been shown that for colloid particles of different 
kinds, the potential difference between the particles and 
water is approximately 0 05 volt. By the addition of electro- 
lytes to the colloid sol this potential difference is diminished, 
and the point of maximum instabiUty of the colloid has been 
found to he at or very near the point of electric neutrality, 
the tso-eleclrtc pointy as it has been called. How is this 
action of electrolytes to be explained ? 

Solutions of electrolytes contain positively and negatively 
charged ions, and when these ions are added to a colloidal 
sol the particles of the latter adsorb the ions of opposite 
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charge, and the potential difference between the colloid and 
the medium is thereby diminished. One would expect, 
tlierefore, tliat tlie greater the electric charge on the ion (the 
higlier the valency of the ion) the more effective will the 
electrolyte he in diminishing tlie potential difference and in 
bringing about the precipitation of the colloid. In other 
words the precipitating effect of a« ion — of a positive ion on a 
negative colloid and of a negative ion on a positive colloid — 
depends on the valency of the precipitating ion. This is known 
as the Hardy-Schnlze law. The numbers in the following 
table, giving the concentration (in thousandths of a gram- 
molecule per litre) of different electrol 3 'tcs required to bring 
about tlie precipitation of an arsenious sulphide sol, illustrate 
the ndc. (1 ml. of the electrol^'te solution was added to 10 
ml. of the sol, the mixture shaken and allowed to stand for 
two hours.) 


PKPX'IPITATION OF AUSENIOUS SULPHIDE SOL 


(a) 


(b) 


(c) 


lJuivatent Cntions— 

LiCI 

• 


4 

Concentration. 
. 58-0 

NuC’l 

• 


4 

. 51-0 

KNO, 


9 

4 

. 50 0 

K(’l . 


4 

1 

. 50-0 

HCl . 

• 

4 

4 

. 30-8 

liivnfent — 

BaClj 

4 

4 

4 

. 0-67 

MgCU 

• 

4 

4 

. 0-72 

jMg.S 04 


4 

4 

0-81 

CaCI, 

4 



. 0-65 

.Sr(N 03 )* . 




. 0-67 

/nSO, 

1 

4 

• 

. 0-81 

Tcrvillent Cniions— 

AICI 3 

. 

. 


. 0093 

AKNo,), . 

• 

% 

4 

. 0095 


• 

4 

4 

0092 

2 


The Hardj’^-Schulze law, however, is no more tlian a guide, 
for the precipitating efficiency of an ion doj^ends not only on 
its valency but also on its chemical nature, as is shown by 
the fact that ions of the same valencj^ ma^' vary in their 
efficiency, as the numbers in the above table prove. Hydro- 
gen and hydroxide ions, and the ions of the heavy metals, 
e.o., silver ions, are specially' efficient as precipitants. This 
behaviour depends on the readiness with which the ions are 
adsorbed by the colloid. 



INTERFACIAL AND RELATED PHENOMENA 517 

In studvinf? the precipitating effect of salts one must consider not only the 
adsorbability of the ion of opposite sign to that of the colloid, but that al^ of 
the ion of like sign. Adsorption of the ion of like sign ^1 stabilise the coUoid. 
Thus, hydrogen ion will stabilise a positive sol and hydroxide ion w-iU stabdise 
a negative sol, as the following figures indicate : — 

^ FreeipiLitinff Concentration 

<mg.-mol. per Litre). 

Platinum Sol (ntgaiive ) — 

Naa 2-5 

NaOH 130 

Ferric Oxide Sol (positive ) — 

NaCI 

KCl 9-0 

HCl 400 

Precipitation of a coUoid by an electrolyte is the eod- point of a process 
marked by an increase in the size of the coUoid particles. This is sometimes 
clearly indicated by a change in the colour of the sob Thos^ addition of 
appropriate small quantities of salts wiU cause a yellow sUver sol to become red, 
a ted gold sol to become blue, and a Congo-^rubin sol to show various shades 
between red and blue.^ 

In accordance with the Fajans-Hahn law, those ions are 
preferentially adsorbed which can be incorporated in the 
lattice structure of the colloid. 

In connection with the precipitation of suspensoids by 
electrolytes, several points must be borne in mind. The 
precipitating action of an electrolyte differs according as it 
is added all at once or in small portions at a time. When the 
electrolyte is added in small portions the colloid becomes 
“ acclimatised ” or tolerant to the electroljrte, and a much 
larger total concentration of the latter is required to produce 
precipitation. Further, it should be noted that if one adds 
a much larger amount of electrolyte than is required for 
precipitation, no precipitation at all may occur, owing to the 
reversal of the sign of charge on the coUoid by the added 
electrolyte. As has been pointed out, smaU additions of 
alu minium sulphate will cause the precipitation of a silver 
or gold sol, but if excess of aluminium sulphate is added, 
alummium ions are adsorbed, and a positively charged silver 
or gold sol is obtained. Similarly, if increasing amounts of 
ferric chloride are added to negatively charged platinum sols, 
flocculation of the negative coUoid is first brought about, 
then a stable but positively charged sol is produced, and 
j sufficiently large amounts of ferric chloride are 

added, complete precipitation of the positively chareed 
coUoid is effected. f y b 

* Wo. Ofltwald, KcUoid-Z., 1919, 67. 
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Since flocculation of a auspensoid by an electrolyte is brought about by the 
neutralisation of the colloid charge by adsorption of an ion, it follows that the 
adsorbed ion must be carried by the precipitated colloid. Thus, when 

arsenious sulphide sol is precipitated by barium chloride, the barium ion is 
adsorbed and carried down by the precipitate, and it is held so firmly by it that 
It cannot be removed by washing with water. The precipitation is irreveraible. 
In some cases, however, the adsorbed ion can be removed by washing, so that 
the precipitate may, on washing with water, pass back again into a sol. Thus, 
when an electropositive sol of copper is precipitated by means of the chloride 
ion, the latter can be removed by washing with water, and a sol is again obtained. 
If precipitation is carried out by the sulphate ion, however, the latter 
is not removed by washing with water, and the precipitate appears to be irre- 
versible. By washing the precipitate with sodium chloride solution, the 
sulphate ion is replaced by the chloride ion, and this can then be removed by 
washing. 

It was previously stated tliat addition of an electrolyte 
to a colloidal sol diminishes the potential between the 
colloid and the dispersion medium. If, however, the con- 
centration of the electrolyte is below a certain value the 
potential is not lowered but raised, so that minute traces of 
electrol 3 '^tes may, owing to adsori>tion of an ion, increase the 
stabilitv of a colloidal sol. For this reason a trace of sodium 
bicarbonate is added to the wat«r in tlie preparation of 
colloidal platinum sol by the Bredig method (p. 511). 

Peptisation. — Not only a small trace of electrolyte 

stabilise a suspensoid, but it may also facilitate the dispersion 
of a substance and produce a colloidal sol. This process of 
deflocciilation, w'hich is the reverse of flocculation or pre- 
cipitation, is often spoken of as peptisation, on account of 
its superficial resemblance to the process of conversion of 
insoluble protein into soluble peptone. This peptising action 
is due to the preferential adsorption of one of tlie ions of the 
electrolyte, which then gives to the colloid particle a positive 
or negative charge, according to the charge on the adsorbed 
ion. Peptisation, however, is the result not onlj' of adsorp- 
tion but also of the lowering of the surface tension on the 
water side of the adsorbed film. 


Many examplea of the peptising action of ions could be given. Freshly 
precipitated silver chloride, for example, can be peptised by shaking with 
dilute solutions of silver nitrate or of potassium chloride. In the former case, 
silver ion is adsorbed strongly, and, in the latter case, chloride ion. 

In the case of emiilsoids, peptisation can bo produced by water alone. 

Peptisation and the stabilising action of small amounts of electrolytes are 
related phenomena, and so it is found that hydrogen ion peptises positive colloids 
and hydroxide ion negative. Use is frequently made of peptising agents in the 
preparation of colloidal sols. Thus, aluminium hydroxide sol can be obtamed 
by shaking aluminium hydroxide with water to which a small amount of 
aluminium chloride or of hydrochloric acid has been added. In the former case 
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alumimum ion acts as the peptiser and in the latter case 

Similarly, a coUoidal sol of graphite can be obtained by ^dmg ^phite with 

a Bo^tion of tannin. The tannin pcptises and stabilises the graphite. 


Solutions oi High Molecular Weight Substances.— Besides 
the colloidal solutions described above there is another class 
of solution which has similar characteristics in that diffusion 
of the dissolved particles is slow and membranes act as a 
barrier to their passage. At that point the resemblance 
ceases. These substances, many of which occur naturally, 
for example, gelatine, starch, rubber, go into solution 
spontaneously when brought into contact with a suitable 
solvent. Conversely they are not precipitated from solution 
unless large amoxints of precipitant are added, or in the case 
of aqueous solution of such large quantities of salts, that 
there is no resemblance to the phenomenon of precipitation 
with ordinary colloidal solutions. Again such solutions do 
not scatter light in the same way as, say, a gold solution in 
which each particle is clearly observed in the ultramicroscope. 
The viscosity of ordinary coUoidal solutions is not greatly 
different from that of the suspension medium, but the above- 
mentioned solutions are often highly viscous. The substances 
that give rise to such phenomena are now known to be com- 
prised of molecules of high molecular weight (high polymers) 
ranging up to values of several millions, and all the properties 
of the solutions must be ascribed to tliis fact. With colloidal 


solutions of gold there is no question that, although the 
suspended particles are smaU, there is a definite interface in 
the system, and it is the presence of that interface that gives 
rise to most of the phenomena observed. While there is 
theoretically no limit to the size of the gold particle, the 
practical limit is set approximately by the sensitivity of the 
electron microscope. Hence we may truthfully say that 
such solutions are heterogeneous and, therefore, reaUy very 
fine suspensions of gold particles in water. With solutions 
of high molecular substances it must be conceded that the 
molecules are in true solution, and even with the highest 
molecular weight substances no definite interface exists 
between the dissolved molecules and the solvent. It should 
be pointed out, however, that such high molecular weight 
substances can be precipitated from a solvent by the addition 
of a precipitant when the individual molecules will have a 
separate though transitory existence before they unite into 
larger aggregates. 
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Besides the naturally occurring high polymers there is 
now a great variety of synthetic high polymers with molecular 
weights ranging from a few hundreds up to many millions, 
whose general physical properties are quite similar to the 
naturally occurring substances. 

General Structure of High Polymers. — It is outside the 
province of this book to deal in detail with the structure of 
high polymers, but from the point of view of imderstanding 
their physical properties and those of their solutions it is 
necessary to indicate briefly the general kinds of structure. 
For example, if an cu-hydroxy acid in which the number of 
carbon atoms exceeds 6 is heated, then instead of getting 
intra-molecular reaction to give a lactone, intermolecular 
condensation occurs with the building up of linear chains of 
atoms thus 

n(HO . (CHgb ■ COOH) 

' • 

HO . (CHab-CO.O .(CHsb.CO.O.fCHah.COOH 4 -(n- OH^O 

where n = 3. 

Alternatively, ethylene glycol HOCHg . CHgOH and a dibasic 
acid such as adipic acid H 00 C{CH 2 ) 4 C 06 h may esterify, 
in which the repeating unit is — CHgCHg . O . CO(CH 2 ) 4 CO . 0-. 
Again, to-amino acids such as amino-caproic acid will 
condense in the same way, the repeating imit being 
— NH.(CH 2 )nC 0 — . Proteins are built up from a-amino acids 

NHg . CH . COOH to give repeating units — NH . C H . CO — . 
R R 


Synthetic methods have given molecules of a molecular 
weight of 25,000, but the proteins exceed this comfortably, 
the maximum being 6,000,000 (see Svedberg, The Ultra- 
Centrifuge). Even ethylene glycol can be induced to form 
linear polymers, the unit being — CHg . CHg . O — . The 
naturally occurring counterpart is cellulose where glucose 
units are joined together with the elimination of water 
molecules thus ; — 


— o— c 


k 

\ 


CH,OH 
CH— CHOH 

O — CHOH 


CH.OH 
in— CHOH 

-O— ^c— o— 

\ / 

O — CHOH 
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The other general method of making large molecules is 
the combining together of ethylenic molecules by the 
opening of the double bond. Thus ethylene gas at high 
pressures and temperatures polymerises to polyethylene, 
n(CH 2 = CH 2 )->(-CH 2 . CH 2 -)„. The groups of atoms 
attached to the end of the polymer are determined by the 
conditions for polymerisation. By substituting for one of 
the hydrogen atoms a polar group such as Cl, CN, etc., 
polymerisation occurs more easily. Dienes, e.g., butadiene, 
can also be polymerised thiis : — 


7t(CH2=CH - CH =CH2) (- CHg - CH =CH - CHg - )„ 

In natural rubber and in guttapercha the same kind of unit, 
namely isoprene, is involved, i.e.,-CH 2 -CCCHg) s=CH - CHg-. 
Thus with all these polymers whicli are soluble the molecule 
consists of single chains of atoms running into thousands. 
The physical properties of solutions of such substances are, 
therefore, bound to differ very markedly from those of small 
molecules. 

Molecular Weight Determination. — According to common 
usage high polymers usually have molecular weights exceed- 
ing 10,000. In a 10 per cent, solution by weight the ratio 
of solute to solvent molecules of molecular weight, say 100, 
would thus be 10“*. Assuming Raoult’s Law to hold the 

relative lowering of the vapour pressure 1 ^ 

p-solvent 

Such a small decrease in vapour pressure simply could 
not be measured by any apparatus. Similarly, the effect 
on the boiling-point and freezing-point of liquids is so 
small that the Beckmann thermometer is not nearly 
sensitive enough, apart altogether from the difficiilty of 
maintaining the temperature of the system to close limits. 
Fort\mately the osmometer can be used, provided certain 
precautions are taken. The type of osmometer needed 
for the measurement of low osmotic pressures — a few 
millimetres of mercury is quite a high value — has been 
described in Chapter VUI. A high surface : volume ratio 
of the cell is achieved in such a design so that the minfmnTr. 
amoimt of solvent need diffuse through the diaphragm to 
establish equilibrium. As it is, the time required for a close 
approach, c.g.^ 2 per cent, to equilibri um may take as long 
as twenty-four hours. If the osmotic pressure (tr) of such 

17 A 
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solutions is plotted against concentration (c), no linear 
relation is obtained ; instead there is a curve sloping steeply 
upwards as the concentration is increased (Fig. 147). As 
will be seen, this happens at quite low .concentration. 
Similarly, if the value of tt/c is plotted against c, the deviation 
of ideal behaviour is shown by the line having a finite slope 



Fio. 147. Fio. 148. 


(Fig 148). In all such determinations it is, therefore, 
necej-sary to extrapolate the curve in Fig. 148 to c = 0. 

Since RT’ in very dilute solution, the limiting value of 

tt/c as c->-0 will give RTjM whence M may be calculated. 
Values of M up to 10® may be measured with an accuracy 
of ±5 per cent. 

Osmotic Pressure o! Polyvalent Electrolytes. — Some of the 
high polymers are soluble in water and are multivalent 
electrolytes in the sense that they dissociate into multiple 
charged ions of high molecular weight and a number of small 
ions equal in charge to the poly^’^alent ion. This can happen 
with proteins which can acquire a positive or negative charge, 
depending on the pH of the solutions owing to their being 
amphoteric. Again, on the synthetic side, polyacrylic acid 
( — CH 2 -CH(C 00 H) — )„ will behave as a polycarboxylic 
acid. A similar behaviour also is observed with certain 
molecules like soaps and certain dyestuffs which have the 
property of aggregating together into so-called micelles, 
the binding force being due to secondary valence forces 
contrasted with the primary valence force in high polymers. 
Congo red (disodium salt of diphenyl bisazo naphthylamine 
sulphonic acid) w'hen dissolved in water is highly ionised, 
forming a micellar anion which cannot pass through a 
membrane of parchment paper. This kind of system will 
therefore behave in quite a different way from the 
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solutions iUustrated in Fig. 147. If a solution of Congo 
red is placed in an osmometer with water on the other 
side of the membrane, the sodium ion will diffuse into 
water. The process will soon stop, owing to the creation 
of a potential difference across the membrane because of 
the separation of the sodium and polyvalent ions. A 
membrane potential is thus developed. 

If the Congo red solution is allowed to stand in the 
osmometer, the osmotic pressure falls. This is due to 
hydrolysis. The sodium ion accompanied by hydroxyl 
ions can then diffuse out through the membrane. 
Sodium liydroxide can be continually removed, and 
hydrolysis proceeds with the eventual precipitation of 
Congo red acid. This phenomenon is known as membrane 
hydrolysis. 

When a readily diffusible electrolyte, e.g.^ sodium chloride, 
is added to the colloidal electrolyte, Congo red, or to the 
water on the other side of the membrane, the added electro- 
lyte does not distribute itself uniformly throughout the 
solutions. It is found that, at equilibrium, the concentration 
of sodium chloride is less in the cell containing the Congo 
red than in the other cell. This is shown by the figures in 
the following table (NaR=Congo red). 


Original 
Concentration 
of NaR in 
Cell. 

Original 
Concentration 
of NaCl in 
Outaide 
Liquid. 

EquUibrium 
Concentration 
in CeU. 

Equilibrium 
Concentration 
in Outside 
Liquid 
[Naa], 

Ratio of 
[NaCl] in 
, Outaide 
Liquid 
to [NaCl] 
inCeU. 



001 

1-0 

0-01 

0-497 

0-503 

1-01 


1-0 

01 

0-476 

0-624 

1-1 


1*0 

1*0 

0-33 

0-06 


10 


1-0 

0-0083 

0-0917 


1-0 

0-01 

10 

0-0001 

0-0099 

1 99-0 


The theory of membrane equilibria, first put forward by 
F. G. Donnan, can account for the observed behaviour. 
According to this theory a colloidal electrolyte with a non- 
diffusible anion drives the sodium chloride into the solvent 
on the other side of the diaphragm. The same distribution 
of sodium chloride would take place even if it were all 
initially present with the Congo red. Hence the membrane 
behaves as if it were permeable to sodium chloride in one 
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direction only. In presence of other electrolytes the effect 
of the Donnan membrane equilibirum is to lower the osmotic 
pressure exerted by the colloidal electrol 3 rte. 

When to the .solution of Congo red is added an electrol 3 rte 
with no common ion, e.g., KCI, the non-diffusible anion 
attracts the cation (K+) and repels the anion of the added 
electrolyte. At equilibrium, tlierefore, the concentration of 
the potassium ion is greater in the compartment containing 
tlie colloidal electrol^'te. 

The Ultra-centrifuge. — We have already seen that the size 
of microscopic and even submicroscopic particles may be 
measured by obser^nng the rate of their sedimentation under 
tlie influence of a gravitational field. In addition, we have 
seen that if the particles become too small they exhibit 
Brownian movement to such an extent that they do not 
settle under gravity. The only way then to achieve sedi- 
mentation is to use centrifugal force, for it is fortunate that 
by mechanical means it is possible to rotate bodies at such 
a rate that the centrifugal force may attain 500,000 times 
that of gravity. The machine that allows such centrifugal 
field to be applied to a solution and also allows of the 
observation of the rate of sedimentation is called an ultra- 
centrifuge, developed to a high degree of precision by Th. 
Svedberg. 

The simj^le theory of the instrument may bo developed 
in the following manner. The rate of sedimentation is given 
by the equation 

'^4 = cuP-xM( 1 - V€)lf. 

at 

where c is the concentration of dissolved material in 
gm./lOO C.C., oj is the angular velocity of rotation, x the 
distance from the centre of rotation at which sedimentation 
is obsers'ed, M is the molecular weight of the substance, V is 
the partial specific volume of the dissolved substance given 
by V = w - { \ -x)l€h, where w is the weight of the solvent, 
}i the weight of dissolved substance, € is the density of the 
solvent. / is the frictional force exerted by the sedimenta- 
tion of a gram-molecule of dissolved substance. The 
numerator of the above expression, therefore, represents 
the driving force for 1 g. mol. Unfortunately it cannot be 
assumed that the particles are in fact spherical, and, therefore. 
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tho Stokes relationship will not necessarily hold. However, 
it can be shown that / is given by 

RT 


where D is the diffusion coefficient of the dissolved substance. 
The value of M may be computed from the equation 

,, dsjdt . RT 
Ca>^x{l - V€)D 

D, tho diffusion coefficient of the substance, may be measured 
by separate experiments. 

If the centrifugal force is not too high, the dissolved 
particles will not be thrown to the bottom of the cell ; instead 
the concentration gradient set up by the field will tend to 
make the particles diffuse back in the opposite direction 
just as happens in Perrin’s experiment. In time an equili- 
brium will be set up. The rate of diffusion in the direction 
opposite to sedimentation is given by 



Hence equating the above expressions 


RT^,j=cw^M{l - Fe)//, 


or 


dc_M{l - dx 

c “ RT 


on integration 




2RT logCg/Cj 


(1 — F€)a»*(a^® — Xi®)’ 


where Cj and are the concentration measured at distances 
Xi and x^. 

A diagrammatic illustration of one type of ultra-centrifuge 
is shown in Fig. 149. The rotor which contains the cells 
holding the solution can be rotated at high velocity by 
means of a small oil turbine. The rotor is contained in a 
strong steel case provided writh windows through wliicli a 
beam of light may be directed. The concentration of dis- 
solved substance may be calculated by measuring the amount 
of light absorbed, and the movement of the boundary 
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between pure solvent and solution by determining the 
position of the refractive index gradient by a number of 
methods. The range of the instrument is extremely wide 
reacliing from a molecular weight of 100 to over 10®. 


CEI^RIFUGE 



L. Lamp. 

Lf|, Lfj* Lfj. Light Hlters. 
S|» Sg. Shutters. 

R. Rotor. 

C. CcU. 

Bp Bearings. 

T,, To. Turbines. 


Thp Thj. Thermocouples. 

M. Magnetic speedometer. 

G,. G3. Pressure gauges. 

Rtj to Rtj. Resistance thermometers. 
Vj to V|^. Valves. 

Fp Fj. Oil filters. 

O. Objective. 


(From Svedberg and Pedersen, The Vltra-ce^iirifugt^ by permission of 

Oxford University Press.) 


Light Scattering. — When a beam of light is passed through 
the solution of a high poljuner there is well-marked scattering 
of the light only in the path of the beam. On examination 
of the solution by an ultra-microscope no individual sources 
of light can be seen as witli an ordinary colloidal solution, 
say of gold. This is partly due to the fact that the particles 
do not scatter enough liglit to be seen individually. The 
reason for the scattering is, however, rather (Ufferent. 
Scattering of light is due to fluctuations in density ® 
medium. It occurs to an observable extent even in a highly 
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purified liquid free from suspended matter. It is much 
more marked with high molecular weight substances, 
especially if the molecxdes are long chains of atoms. These 
chains execute a violent wriggling type of movement in 
solution, and the density fluctuations are more marked than 
with small molecules. Quahtatively a method is thus 
available for obtaining particle sizes. Such scattering 
reduces the intensity of a beam of light incident on a 
solution, and it emerges after traversing a path length x 
with an intensity I, the two being related by the equation 


where z is an extinction coefficient and can be computed 
from the fraction of the light scattered. It is, however, 
possible to calculate what relation exists between z and 

C J ^ S A 

molecular weight M. 


( dn \ 
dc / 


fdn\^ 

where ( ^ ) I*® computed from the variation of refractive 

index (n) with concentration of the solution ; .<4 is a constant. 

Viscosity of High Polymer Solutions. — One of the most 
striking properties of solutions of high polymers is their 
high viscosity at quite low concentrations. If the concentra- 
tion of the solution is increased one obtains quite rigid gels, 
the most familiar example being that of gelatine in water. 
The viscosity of the solution depends on factors other than 
concentration. The nature of the solvent has some effect, 
the viscosity increasing the better the solvent for a given 
concentration. The most important influence is the size 
of the molecule, as measured by the methods described 
above. As a result of much empirical work the following 
general relationship holds for very dilute solutions — less than 
0*1 per cent, weight concentration. 


^•oluUoa 

^eoIv«Dt 


where t) is the viscosity, is a constant depending on the 
natxire of the high polymer and the solvent, c is the con- 
centration usually of polymer per 100 gm. solvent, M is the 
molecular weight of the high polymer and a is another 
constant dependent on both solute and solvent. The 
quantity on the left-hand side is called the specific viscosity, 
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often denoted by 77,^,, while the limiting value of 77 /c 
as c approaches zero is called the intrinsic viscosity and 
denoted by [77]. Thus, if for a substance of unknown 
molecular weight a measurement of 77.^, is made, calculation 
of the molecular weight is possible, provided the value of 
K and of a have already been obtained by a sufficient number 
of measurements on polymers of known molecular weight. 
The above form of the equation in which a = 1 was first 
suggested by H. Staudinger, and proposed by liim as a simple 
method of estimating molecular weight. 

A number of values of K and of a are given in the following 
table. It will be seen tliat a has values not far from unity. 


TABLE OF VALUES OF K AND OF 0 . 
(Concentration in basic g. mol. lif*) 


Substance. 

1 

1 

Solvent. 

K. 

a 

Decamethlyene . 
adipato 

Chlorobenzene 

3-3 >c l0-» 

100 

Poly isobutene . 

Di'isobutenc 

3-6 X 10-« 

•64 

Cellulose acetate 

Acetone 

1-04 X 10-* 

1 

0-67 

Polystyrene 

Soivcne 

6-6x10** 

0-80 


No general rule can, however, be formulated. Similarly, 
it will be seen that the values of K do not vary a great deal. 
These facts suggest there is some underlying principle at 
work controlling viscosity, but its precise significance has 
so far eluded thorough investigation. 

Some long time before the nature of high polymers was 
known, A. Einstein deduced a relationship for the viscosity 
of suspensions of small spherical particles in a liquid. This 
would of course correspond approximately to colloidal 
solutions of the kind described on p. 506. The relation 
can be written [77] = 2-5. Thus it will be seen that [77] 
is independent of the solute, solvent, and of the molecular 
weight. This equation has been experimentally venned, 
using finely divided spherical particles. The string 
difference between the two equations is now explained by 
supposing that with linear polymers the molecules are more 
or less stretched out in a good solvent. It is the entangle- 
ment of these long chains that gives rise to high viscosities 
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»nd to eelUng. NaturaUy the higher the molecular weight 
important does this entanglement become. 

In order to keep colloidal solutions for long ^nods of 
time it is essential to add a protective agent When this is 
done it is possible to evaporate the solution to dryness and 
add water, when the colloid goes back into solution without 
difficulty. For example, in Paal’s method of prepanng 
coUoidal silver the following procedure is adopted : fMlver 
nitrate solution is added to an alkaline solution of sodium 

protalbate Ml gni- "^*- "'^*^**^* , , , 

The protective action of high polymers can also be used 
to colloidal solutions which are normally so unstable that 
their existence is only transitory. For example, when 
dilute solutions of silver nitrate and potassium bromide are 
mixed an immediate precipitate of silver bromide is formed 
and separates out. If, however, say, 1 per cent, of gelatine 
is added to the solutions, no precipitate is formed on mixing. 
An opalescent solution results, and no precipitation ever 
occurs. The particles of silver bromide are of colloidal 
dimensions, the gelatine acting as the protective agent. In 
fact, this is the basis of forming the photographic 
“emulsions”; the latter inaccurate name (see below) has 
become standard photographic practice. (The gelatine also 
exerts certain other specific actions in rendering the emulsion 
sensitive to visible light.) In a similar way the so-called 
Purple of Cassius, obtained by reducing gold chloride solution 
with stannous chloride, consists of gold particles intimately 
mixed with the protecting stannic acid. 

dels. — ^When the solvent is removed from a solution of a 


high polymer the solution becomes more and more ■\dscous 
until a gel is formed. With aqueous solutions a gel may be 
precipitated by the addition of an inorganic salt. The 
function of the salt is to remove water associated mth 
the high polymer. A secondary effect may be the removal 
of, or at least modification of, the charge in the dissolved 
molecules, since the electrolyte may also be carried down 
with the precipitated polymer. This latter effect is especially 
important with proteins which, in virtue of their structure, 


^ This is made by partial hydrolysis of egg albumin with sodium hydroxide 
until a precipitate is formed ; the precipitate is then dispolved by addition of 
sodium hydroxide. The mixture is heated on a water bath until reduction of 
the ailTer oxide is complete and the solution dialysed. The sUver solution is 
evaporated to dryness. On adding water the solid goes into solution os a yellow 
or brown colloidal solution of silver. 
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behave as amplioteric electrolytes. At a certain pH the 
net charge on the protein molecule can be shown by electro- 
plioresi.s experiments to be at a minimum. Under this 
condition, the so-called isoelectric point, the protein is 
most easily precipitated. 

Protective Action of High Polymers. — High polymeric 
materials, in virtue of their relatively high stability, can 
prevent the precipitation of colloidally dispersed particles 
when electrolytes are added. This is the protective action of 
high polymers, first discovered bj'^ Faraday in connection 
with the precipitation of gold sols. The protective eifect 
varies among the water-soluble high polymers, hence it is 
necessary to attempt to define some quantitative measure 
of protective action. Zsigmondy proposed the following 
empirical definition. The “ gold number ” of the substance 
is the weight in milligrams of the protective agent, which 
fails to prevent the change from red to blue (due to aggrega- 
tion) in 10 ml. of a gold sol when 1 ml. of 10 per cent, solution 
of sodium chloride is added. If this definition is to be used 
in an absolute sense, it is of course necessary to specify 
clearly the method of preparation and concentration of the 
colloidal gold solution. The following table gives some 
representative figures : — 


Substance. 

Gold Number. 

1 

Gelatin 

0 005 . 0 01 

Casein . 

001 

Hemoglobin 

0 03 . 0 07 

Gum arabic . 

0-1.5 . 0-25 

De:ctrin 

6 ■ 20 

Albumin 

01 . 0-2 


Precipitation of High Polymers from Solution.— High 
polymers can be readily precipitated from solution by adding a 
non-solvent. With those substances which are soluble m 
organic solvents it is most convenient to add a precipitant 
that is miscible with the solvent. For example, methyl alcohol 
is almost universally useful in this connection. By carrying 
out precipitation slowly it is possible to separate a high 
polymer into a number of fractions of increasmg molecular 
weight, the higher polymers being less soluble than the lower. 
The separation is never complete, but by refractionation 
procedures fairly nairow cuts may be obtained. 
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With those high polymers that dissolve in water the 
phenomena are rather more complex, for not only can sub- 
stances like alcohol function as precipitants in much the 
same way as mentioned above, but electrolytes, when added 
in large proportion, also cause precipitation. The latter 
effect is of a quite different order of magmtude from that 
with colloidal solutions. For example, an arsenious sulphide 
solution is precipitated by the tervalent lanthanum ion at 
a concentration of only 5 x 10"^ molar, whereas egg-albumm 
is precipitated from aqueous solution when the concentration 

of the ion reaches 1*6 x 10“® molar. 

The effect of the nature of electrolj^s is quite marked, 
and it is possible to arrange a series of ions in order of their 
precipitating power, which order does not depend on the 
nature of the dissolved polymer. For example, with egg- 
albumin, lecitliin, the order is citrate, tartrate, sulphate, 
acetate, chloride, nitrate, iodide, tluocyanate. With uni- 
valent cations the differences are not pronounced, the order 
being lithium, sodium, potassium. Tliis phenomenon was 
first recognised by F. Hofmeister, and the series of ions is 
referred to as the Hofmeister series. These series turn up 
in a number of physico-chemical phenomena, especially in 
solubility. The explanation simply is that these ions are 
more or less hydrated and that they act as weak dehydrating 
agents. A transparent gel is formed which continues to 
lose solvent, shrinking until a sample of pure liigh polymer 
is obtained having all the properties of a rigid solid. There 
is, therefore, a continuous transition from a mobile liquid to 
a solid. The same kind of transition can occur in the opposite 
direction if a transparent high polymer, e.g., polymethyl 
methacrylate (perspex) (CHg - C(Me)COOMe)„, is heated. It 
becomes plastic and flows like a liquid at a temperature of 
150*^ C. A gel is thus an ill-defined stage between a solid and 
a liquid, and has the mechanical properties of both states 
of matter, depending on the deformation and temperature 
to which it is subjected. 

In general, gels may be divided into two classes : (a) 
those which can go back into solution readily after precipita- 
tion, t.e., reversible gels ; and (6) those that when precipitated 
by heating, or even by isothermal removal of the solvent, 
cannot be got back into solution simply by adding solvent. 
Gels of silicic acid, aluminium hydroxide and other metallic 
hydroxides belong to this category. Here precipitation 
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involves drastic chemical changes in the nature of the dissolved 
molecules. These changes cannot be reversed. For example, 
silicic acid could be finally dehydrated until the empirical 
formula for the residual solid is simply SiOo. In silica, 
however, SiOj units do not exist by themselves. They are 
linked together into a network of silicon and oxygen atoms 
of no definite molecular weight. In order to obtain a solution 
of silicic acid in water it is necessary to break the silicon- 
oxygen bonds and to add progressively the elements of water 
to the system. This does not happen spontaneously. 

Another peculiar property of gels is syneresis. If a gel 
is allowed to stand tlie system may separate into two phases, 
a gel and a mobile Huid. The process of expulsion of fluid 
was termed bv Tliomas Graham svneresis. 

When certain gels are shaken violently they liquefy, and 
on standing the liquid sets to a gel again. In a similar way 
more dilute solutions of high polymers exhibiting high 

visco.-^itv show a decrease in viscositv when the solution is 

» « 

subjected to high rates of shear, for example, by being 
forced through a capillary tube at high rates of flow. These 
phenomena are known as thixothropy (from the Greek, 
meaning to change by touching). Even aqueous suspensions 
of the mineral bentonite exhibit thixotropy. The reverse 
tyi)e of behaviour, namely increase of viscosity varjdng with 
rate of .shear, is also exhibited by certain systems containing 
high ])olymer substances. This is most strikingly shown by 
a silicon polymer containing the repeating unit 

CH3 

I 

— Si— O— 

I 

CH3 

The.sc ])olviners range from mobile liquids up to rubber-like 
substances, dei)ending on the degree of polymerisation. 
When these pol>miei-s lying within a suitable molecular 
weight range aie mixed with a filler like clay a putty-like 
mass is obtained. This material flows like put^, and wn 
be almost poured out of beakers. A ball of it on being 
allowed to stand loses its form entirely and forms a pool-hke 
thick oil. If, however, the ball is dropi>ed on a hard floor it 
bounces like a rigid ball. say. of glass. This latter property 
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shows that on sudden shock the material behaves like a 
rigid soUd, and it is coUoquially referred to as bouncing 
T^uttv ” The phenomenon is known as dilmitancy. 

^ ^ecipitation o! High Polymers by Electrolytes.^uch 
colloids are much less sensitive than suspensoids to electro- 
lytes, and arc precipitated by neutral alkali salts, example, 
only when these are added in large amount. The effect, 
therefore, is comparable with that known as “ salting out. 
Moreover, the precipitation is reversible, so that on washing 
away the precipitating salt the colloid passes again into a 
sol. With multivalent ions, it is true, precipitation is 
effected by a comparatively small concentration, but the 
concentration is much greater than in the case of suspensoids. 
Thus, whereas arsenious sulphide sol is precipitated by the 
tervalent lanthanum ion in a concentration of 0-00005 molar, 
egg-white is precipitated only when the concentration is 
increased to 0*0016 molar. 

In the precipitation of emulsoids by salts, the nature 
of the ion and its power to alter the distribution of water {or 
other dispersion medium) between the internal and the external 
phase ^ play an important part. Thus in the precipitation of 
egg-white, lecithin, etc., the efficiency of different anions is 
in the order : citrate>tartrate>sulphate>acetate>chloride 
>nitrate>iodide>thiocyanate ; and in the case of the 
univalent cations, although the differences are much less 
pronounced, the order is : Uthium>sodium>potassium. 
Since the effect of different anions on the precipitation of 
egg-white was first observed by Franz Hofmeister, the 
series given above is generally referred to as the Hofmeister 
series. The same order of anions is met with in a number 
of different physico-chemical and physiological processes 
(e.g., influence on the solubility of slightly soluble substances), 
and can be explained, in the case of aqueous solutions, as 
due to differences in the hydration of the ions or to their effect 
on the equilibrium between the different molecular states 
of liquid water. By the addition of these salts to a hydro- 
philic colloid the water-content of the colloid is diminished 
until at last the particles resemble those of a hydrophobic 
colloid and are precipitated, the charge on the colloid being 
neutralised by the electrolyte. As in the case of hydrophobic, 
colloids, so in the case of hydrophilic colloids, precipitation 

^The dispewd phase is somotimeB called the internal phase, and the 
di^pcnioo medium tho 6xtonial phaso* 
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IS the end-point of a process, so that addition of electrolytes 
even m a concentration insufficient to effect precipitation’ 
niay prodTice notable alterations of the colloid. This fact 
is of much importance in the living organism wliere there 
is a constant interaction between hydi-ophilic colloids and 
electrolytic ions leading to variations in the state of the 
colloids. 

It is of interest and importance to note tiiat the Dutch 
chemist, H. R. Kruyt, has, in certain cases, demonstrated 
the existence of hydration and electric charge as two contri- 
butory factors to the stability of liydi-ophile colloids. 'Dins, 
by adding alcohol to an agar sol, free from electrolytes, the 
stability due to hydration was destroj’ed, and the colloid 
could then be precipitated by electrolytes as in the case of 
hydrophobic colloids. Or the electric charge could first be 
neutralised by electrolytes, and precipitation of the colloid 
then brought about by addition of alcohol (deliydration). 

Imbibition. — One of the most important properties 
possessed by a number of gels is that of taking up or “ im- 
bibing ” water and swelling. This property is also shown by 
most animal and vegetable tissues. In the ca.se of gelatin the 
property is one with which every one is familiar, the increase 
of volume of the gelatin being very considerable when the 
gelatin is loft for some time in contact with water. Con- 
versely, the pressure to whicli this process of imbibition can 
give rise, or the pressure which must be exerted in order to 
squeeze out the water from the gel, is very great, as is shown 
l)y the following table, which applies to a species of Laminaria 
(seaweed) : — 


Pressure (Atmospheres). 

Volume of Water takoo 
up by 100 Volumes of 
Dry Gel. 

10 

330 

3-2 

205 

7-2 

97 

21 0 

35 

41 0 

16 


From these numbers it is seen that, even when subjected 
to a pressure of 41 atmospheres, the drj' seaweed was 
able to take up water to the extent of 16 per cent, of 
it.s volume. 
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The swelling of gels is more or less markedly affected by 
the presence of electrolytes, and in the case of gelatin, fibrin 
and other proteins, aci^ and alkalis are especially powerful. 
Thus, fibrin which swelled to 8 mm. in water swelled to 
48 mm. in 0*02-normal HCl. In more dilute and in more 
concentrated acid the swelling was less. In 0 •02-normal 
NaOH the fibrin swelled to 77 mm. In these cases the great 
effect of acids and alkalis is probably due to the amphoteric 
character of the colloids ; addition of acids or alkalis leads 
to the formation of salts which give rise to hydrated ions. 
In presence of neutral salts the swelling in acid and alkaline 
solution is diminished. 

The swelling of gels is also influenced by the presence of 
neutral salts alone, in dilute solution, and it is found that 
different ions influence the swelling of gels in different ways 
and in different degree. 

Emulsions. — When two immiscible liquids are brought 
together there will, in general, be developed a certain inter- 
facial tension ; and the tension on the two sides of the inter- 
face will be different. The interfacial surface will therefore 
be curved, with its concave surface towards the side of 
greater surface tension, and the liquid on this side will tend 
to form drops in the other liquid. 

When one shakes pure water and benzene, or pure water 
and olive oil together, the oil or benzene is broken up into 
drops, the energy required to bring about the dispersion of the 
oil or the increased area of interface between the two liquids 
being considerable. The emulsion which is thus produced 
with pure liquids is, however, not stable, unless the oil 
content is less than about 1 in 10,000. Such very dilute 
emulsions are often met with in engine condenser water. 
On allowing more concentrated em\dsions of pure liquids to 
stand, the globules unite and separation into two liquid 
layers takes place. In order that a permanent emulsion may 
be produced, a stabilising agent or emulsif 5 dng agent must 
be present. In the case of dilute emulsions (up to about 
2 per cent.), stabilisation may be effected by adsorption of 
ions from water or traces of added electrolyte. The dis- 
persed (hoplets thus acquire an electric charge, similar to 
the particles of a lyophobe colloid, and the emulsion behaves 
m many respects like a coUoidal sol. More generaUy, how- 
ever stebilisation of an emulsion is effected by means of an 
emulsiJ^g agent, such as albumin, gelatin, or an alkaU soap, 
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which forms an interfacial film between the two liquids. * 
A decrease ^ of the interfacial tension is thereby produced 
and the work which must be done in increasing the surface 
of the dispersed liquid, by breaking it up into small drops, 
is diminished. 

Tlie energy required for the production of an emulsion 
may be added to the system by hand or mechanical shaking, 
by mechanical mixers of various kinds, by homogenisers 
wliich force the liquid mixture under pressure through small 
holes, or by high-frequency ultrasonic waves® of from 
100,000 to 500,000 vibrations per second.^ 

The production and treatment of emulsions is of great 
importance in the food, drug, and other industries.® 

Inversion or Reversal of Emulsions. — A phenomenon of 
much importance is the inversion or reversal of emulsions. 
Under certain conditions, oil and w’ater may exist as an 
oil-in-water emulsion, with the oil as the dispersed phase, 
and under other conditions as a w'ater-in-oil emulsion, with 
water as dispersed phase. Thus, when soaps are used as 
emulsifiers, the nature of the emulsion depends on the nature 
of the cation pi’esent in the soap solution. When sodium 
oleate is used as an emulsifier, an oil-in-water emulsion is 
formed ; but if a soap with a bivalent or polyvalent cation 
magnesium oleate or calcium oleate, is used, a water-in- 
oil emulsion is formed. If to an oil-in-water emulsion, 
stabilised with sodium oleate, a calcium salt is added, the 
emulsion becomes rmstable when the ratio of calcium to 
sodium reaches a certain value. When this critical point is 
passed, inversion of the type of emulsion takes place.® It 
would appear that inversion of the oil-in-water emulsion by 
polyvalent ions applies only to those cases where the inter- 
facial film can react with the added electrolyte.’ 

An adsorption-film theory of emulsions, based on earlier 


> Stabilisation of ©molsions may, however, abo be effected by aubatsoces 
v^bicb do not decrease the interfacial tension. 

> Mayonnaise is an oil-in-water emulsion in which yolk of egg acts as emolai- 

^ are sound waves of a frequency so high that they cannot be detected 

by the human ear, . 

« R. W. Wood and A. L. Loomis, Phil. Mag.. 1927, (vu), 4, ^7. 

* See W. Clayton, E^tiuUxons and (heir Technical Treatment (Churchill). 

« G H. A. Clowes, J. Physical Chem.. 1916, 20, 407 ; S. S. Bhatnagi^, 
J. Chem. Soc.. 1920, U7. 642 ; 1921, U9. 61, 1760 ; L, W. Parsons and O. G. 
Wilson, Ind. Eng. Ckem., 1921, 13, 1116, 

’ King and Wrzeszinski, Trans. Faraday Soc.. 1939, 35, 741. 
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work by F. G. Donnan, was put forward by W. D. Bancroft,^ 
and put to the test of experiment by Clowes ^ and by 
Bhatnagar.® According to this theory, an emulsif^ng agent 
is adsorbed into the si^ace separating the tw'o liquids and 
there forms a coherent film. This film, if in contact with two 
phases, oil and water, will have two sxirface tensions, and 
will tend to curve towards the side having the higher surface 
tension. The dispersed liquid is on the side of the film 
having the higher surface tension. Since soaps of \inivalent 
cations are readily dispersed in water but not in oil, they 
form a film which is wetted more readily by water than by 
oil. Consequently, the surface tension is low'er on the water 
side than on the oil side, and the film tends to curve so that 
it encloses globules of oil in water. Thereby the area of the 
side of the film of higher surface tension is reduced compared 
with that of lower surface tension. Soaps of divalent and tri- 
valent cations, however, are freely dispersed in oil, but not 
in water, and the film is wetted more easily by the oil than 
by the water. Thereby the formation of globules of w’ater 
in oil is favoured. According to this theory the preferential 
wetting of the adsorbed film by water or by oil is an 
important factor. 

It is probable that the molecules of the adsorbed film 
of emulsifying agent are orientated in a definite manner ^ ; 
and the stability of an emulsion depends on the strength and 
completeness of the adsorbed film. Such a stabilised emulsion 


resembles a protected lyophobe colloid.® 

Fine powders may also act as emulsifying agents,® and 
the nature of the emulsion will depend on the nature of the 
powder used. Thus, by using carbon black, emulsions 
of the water-in-oil type are obtained,’ whereas with 
silica, oil-in-water emulsions are formed. By using a 

suitable mixture of carbon black and silica, no emulsion 
is obtained.® 


Chem., 1916, U, 275; Bancroft and Tucker. 1927. 81, 

* £oe. cU. 

•'* 1926, 80. 294 

89 Sl' Soc. 1917. 

»», 641 , Fudde. Draper, and Hildebrand, ibid,, 1923. 46, 2780. 

1941 ^ discussion of the oU-water interface, see Trajut. Faraday Soc,. 
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The action of these powders seems to depend on the fact 
that they form a layer in the interface of the two liquids, 
and contraction of the interface cannot take place without 
crowding these particles together and ultimately forcing 
them into one or other of the liquids, a process which involves 
an increase in the free energy of the system.* 

^ N. K. Adam, Physics and Chemistry of Surfaces (Oxford University Press). 
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ADSORPTION 

It has already been mentioned on p. 117 that the effect of 
certain substances in decreasing the surface tension of water 
is most readily explained by supposing that the dissolved 
substance tends to congregate at the air-liquid interface. 
The phenomenon of this accumulation of a component at an 
interface is called adsorption. It is not confined to air- 
liquid interfaces, although it is most readily demonstrated 
at such an interface. Adsorption is well exliibited at the 
gas-solid, the liquid-solid and the liquid-liquid interfaces. 
We shall deal in this chapter with gas-solid and gas-liquid 
systems where the phenomenon of adsorption has been most 
studied. 

Adsorption of Gases on Solids. — ^From the time of Scheele 
in 1777 the property of finely divided or porous solids of 
taking-up gases has been well known, charcoal especially 
displaying this property. Similarly, glass is known to be 
covered with a film of water which can only be removed by 
heating in vacuo. It is now known, however, that if any 
sohd is produced in a finely divided form it is possible to 
demonstrate that gases will be taken up to a greater extent 
from a siUTOunding gas phase. The volume of gas taken 
up is naturally proportional to the specific surface, f.e., the 
area of the interface in cm.*/g. It depends on the precise 
nature of the surface exposed, e.g.y different crystal surfaces 
adsorb to different extents. It depends on the nature of 
the gas, its pressure, temperature and the presence of other 
gases in a mixture. The interaction may merely be physical 
or it may sometimes be chemical. It may be reversible 
or irreversible. 

The order of magnitude of the phenomena can be illus- 
trated by the figures in the following table, which shows 
how a variety of gases is adsorbed by an active charcoal, 
previously evacuated : — 


639 
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ADSORPTION OF GASES BY CHARCOAL 


Gas. 

Volume of Gas in Cubic Centimetres adsorbed 
by 1 c.c. of Charcoal at 

0®C. 

-185® c. 

Hydrogen 

4 

135 

Nitrogen 

15 

155 

Oxygen 

18 

230 

Argon . 

12 

175 

Helium 

2 

15 

Carbon monoxide . 

21 

190 


The adsorption here is reversible except with oxygen. Some 
of the adsorbed oxygen reacts chemically with the active 
charcoal with the production of carbon monoxide which 
can be pumped off. It will be seen that oxygen, nitrogen, 
argon and carbon monoxide fall into a class, hydrogen is 
much less strongly adsorbed and helium less so. If the 
temperature is lowered to -IBS'* then uniformly the volume 
of gas adsorbed is increased. According to tlie principle of 
Le Chatelier, this resiilt implies that heat is given out when 
adsorption occurs. 

Again, the volume of gas adsorbed increases with increas- 
ing pressure, as shown by the following figiues for carbon 
dioxide and charcoal : — 


ADSORPTION OF CARBON DIOXIDE BY CHARCOAL 


Pressure in milUmetree • 

4-1 

1 

261 

137 4 

41C-4 

858-6 

of mercury (p). 






Vol. of CO, adsorbed per 

0-38 

0-77 

1-45 

2 02 

2-48 

gram of Charcoal {x/m). 







When xj/n is plotted against p the curve is seen in Fig. 150 
to bo concave towards the pressure axis. Again this is a 
general experience. That is, the amount of gas adsorbed 
increases at first linearly with the pressure, but at higher 
pressures the additional amount adsorbed gradually falls off 
and the curve would seem to tend to maximum value. This 
curve is called the adsorption isotherm. A simple empirical 
relationship first suggested by H. F. FreundUch, namely, 

xlm = Kp^'^, 
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where K and n are constants, will describe the course of 
the isotherm without, however, giving any clue as to the 
nature of the interaction of the gas with the solid so that 
the basis of the equilibrium may be understood. 

The first satisfactory picture of adsorption processes was 
given by Irving Langmuir. When a solid is subdivided to 
produce an adsorbent then in the actual process of sub- 
division the bonds holding 
the solids together are 
severed. Depending upon 
the nature of the solid, these 
bonds may involve forces 
between molecules — inter- | 
moleciilar forces, or they ^ 
may be interatomic force.s. 

An example of the first class 
would be white phosphorus, 
in which P4 units make 

up the crystal ; in the second class is diamond, in which 
carbon-carbon bonds are broken when the ci\vstal is divided. 
Interionic, that is electrostatic, forces are involved when 
ionic crystals like sodium chloride are subdivided. Langmuir 
suggested that the cause of adsorption u'as the interaction of 
these unsatisfied fields of force with the gaseous molecules 
bombarding the solid surface. This interaction may thus 
involve different kinds of bonds so that adsorption may bo 
essentially physical in character in the case of intermolecular 
forces, but chemical in character if interatomic forces are 
mvolved. The important point, however, is that just as in 
a crystal these forces are short range in character, i.e., a 
few angstroms, so the fields of force are short range. Once 
the fields of force are satisfied by adsorption, the new surface 
so created has much less power of attracting another la3’er 
ot molecules on top of these forming the first layer. In this 
way ^ngmuir put forward the idea that adsorbed films 
tended predominantly to be only one molecule in depth. 

+1, cases where intermolecular forces are operative 

tne adsorbed molecules remain adsorbed as molecules, 
a^hough of course their shape may be altered to some 
extent. With mteratomic forces, on the other hand, there 
is the possibihty of chemical interaction with the adsorbed 
moleoiUe, which may be split into atoms or radicals. For 
example, when oxygen is adsorbed by tungsten it is certain 
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that a surface layer of oxygen atoms is formed. Similarly, 
it is believed that molecular hydrogen is likewise dissociated 
when adsorbed on clean metal surfaces. 

These conceptions lead to another conchision, namely, 
that there are a finite number of adsorption sites corre- 
sponding to a regular two-dimensional lattice. This two- 
dimensional lattice in practice is by no means uniform in 
the forces causing adsorption. From what has been said 
about the solid state (Chapter VI.), it is evident that different 
faces of a crystal contain different densities of packing of 
atoms. Thus the surface forces will vary on this account 
alone. Again, such crystal facets are seldom atomically 
smooth and, therefore, on an individual face there may be 
a great variation in the strength of these surface forces. 
These complexities make it difficult to formulate precise 
quantitative theories of adsorption phenomena. The 
following quantitative treatment is sufficiently rigorous 
provided the simplifying premises are remembered. It will 
be presumed that there are a finite number of adsorption 
sites of precisely similar type and that the adsorption of 
one molecule occurs on one site. It will also be assumed 
that the filling of a fraction of the adsorption sites will not 
affect the activity of other sites to adsorb molecules. Suppose 
at the equilibrium pressure p a fraction 0 of the adsorbed 
sites is filled, then we have to consider the system in a state 
of djmamic equilibrium in which the rate at which molecules 
are adsorbed is equal to the rate at which they evaporate. 
Considering 1 cm.* of adsorbing surface, the rate of adsorption 

is equal to 

where /if i is a constant that can be calculated from the kinetic 
theory of gases if it is assumed each molecule that strikes a 
site is taken up, M is the molecular weight and T the absolute 
temperature. This expression only holds if the siu-face is 
not covered, i.e., 0 = 0. If, as postulated, a fraction of the 
sites is occupied, then adsorption can only occur on bare 
sites, the fraction being (I - 0). The rate of adsorption per 
cm.* at equilibrium is therefore 

K^{MT)-^p (1-0). 

The calculation of the rate of evaporation is more difficult. 
It will bo proportional to the fraction of the surface covered. 
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It will also be proportional to the probability that a molecule 
will overcome the surface forces holding it to the solid. This 
factor will be given by an expression of the type 

where A is the magnitude of the binding energy in calories 
per mol and is a constant whose precise value cannot 
always be calculated. This expression is, of course, analogous 
to that for the evaporation of solids and liquids. 

Therefore, at equilibrium, 

ifi {MT)^^p{l - 0) = A:20e-^/»^ 

K^{MT)^p 

If A is the effective area of the adsorbent and n mols are 
adsorbed/cm.* when 0 = 1, then the number of mols of gas 
adsorbed x is given by 

_nAK-,{MT)^p 

There are two extreme cases that may readily be considered. 
If p is low the first term in the denominator is small com- 
pared with the first, hence 


and 


x = 


x = 


nAK^jMTU^l^^p 


K, 


The volume of gas adsorbed will increase linearly with 
pressme, and it will, for a given pressure, exponentially 
decrease with increasing temperatures, as would be expected 
from Le Chatelier’s principle. 

The second extreme occurs when the pressure is high. 
Now the first term in the denominator is much larger than 
the second and, therefore, 

x—nA 

Experimental Verification of the Theory.— The experi- 
merital method for measuring the adsorption of gases on 
soli^ IS m principle simple (Fig. 151). It consists of a bulb 
conta^g the adsorbent. Attached to the bulb are, (a) a 
pipette of known volume which can be filled with gas 
at a m^sured pressure ; (6) a manometer ; (c) a pump for 
exhaustmg the system. It is necessary also to know the 
volume of space not occupied by the adsorbent. This is 
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most conveniently done by measuring the pressure in the 
adsorbent bulb of a known quantity of gas admitted from 
tlie pipette, the gas being chosen so that it is not appreciably 
adsorbed. Helium is suitable for this purpose. When a 
gas is adsorbed the pressure registered on the manometer 
will be smaller. This corresponds then to the amount of 
gas adsorbed. 

For a full investigation of the matter it is also necessary 
to know tlie area of the surface exposed to the gas. If the 



Fio. 151. 

(Ucdmwu from Smithcire OaseM and ^^eUd8, by pormissiOQ 

of ChapniaD A HaU Ltd.) 

adsorbent consists of a fine powder this measurement is 
difficult. If the particles are not submicroscopic, i.e., exceed 
2 X 10“^ cm. considerably, then tlie only satisfactory method 
is laboriously to examine microscopically a representative 
sample and assess the area from the external shape on the 
assumption there are no internal cracks or crevices. If the 
■{)articles are subinicroscopic an electron microscope capable 
of detecting particles as small as 5 x 10“'^ cm. may be used. 
If internal cracks are suspected of being present, or if the 
solid is obviously porous, such as charcoal, an estimate of 
internal volume may be obtained if the apparent volume o 
the solid can be measured, for example, with liquid mercury, 
it being presumed that mercury cannot penetrate the pores. 
This, together with the measurement of dead space in the 
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system will provide an approximate measure of pore volume. 
Langmuir overcame the difficulty hy using microscope 
cover slips whose superficial area could be measured. W ith 
gases, such as nitrogen at 90^* k, it was in fact found that a 
mono-molecular layer of gas was formed at high enough 
pressures. Many measurements subsequently made have 
confirmed the general form of the adsorption isotherm, but 
naturally exact agreement cannot be expected unless the 
assumptions used in its derivations are complied with in 
practice. With nearly all real systems it is doubtful whether 
this state of affairs is ever reached. 

Adsorption from Liquids. — In a gas mixture those com- 
ponents most strongly adsorbed will be selectively removed. 
Similarly, in a mixture of liquids, one component may be 
removed. The important point is that selective adsorption 
is well marked to such an extent that the presence of the 
solvent, suitably chosen, does not appear to interfere with 
the accumulation of a readily adsorbable substance at the 
liquid-solid interface. 

In fact, a general behaviour similar to that of gaseous 
adsorption is generally observed and adsorption isotherms of 
a similar shape are also observed. The practical applications 
are extensive. The most striking perhaps is the development 
of efficient fractionation procedures of difficultly sep>arable 
substances. This is accomplished by passing the solution 
through a column of adsorbent when the most easily adsorb- 
able component is taken up by the first layers, which thus 
become saturated. The next layer takes up the second 
most strongly adsorbed component and so on. There is, 
therefore, produced a series of bands of adsorbed molecules. 
By mechanical subdivision of the column these adsorbed 
substances can then be recovered by suitable extraction 
processes. This general method is now referred to as 
chromaiography, since it was first practised with coloured 
sub^ances like chlorophyll and other plant pigments. The 
method is, however, of general applicability and depends 
wholly upon the slight differences in adsorbability of the 
dissolved substances. 

Adsorption Infficators.— Extensive use is now made in 
volumetm analysis of the phenomenon of selective adsorp- 
tion.i When silver nitrate is added to the solution of a 

x8 
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chloride in presence of a small amount of fluorescein, the 
silver chloride, which is precipitated preferentially, adsorbs 
chloride ion ; and this adsorbed chloride ion is completely 
removed only when a very slight excess of silver has been 
added to the solution. The organic anion is then adsorbed 
and forms a complex on the surface of the silver chloride 
with the first trace of excess of silver. This complex is of a 
well-marked iiink or red colour and shows up distinctly 
against the greenish-yellow colour of the solution. The 
fluorescein acts as an adsorption indicator. In very dilute 
or in acid solution, dichlorofluorescein, bromophenol blue, or 
broinocresol piu'ple should be used in place of fluorescein. 

The adsorption indicator must be such that it is less 
readily adsorbed than one of the ions of the precipitated 
salt. Thus, eosin cannot be used with chlorides because it 
is too strongly adsorbed, but can be used with bromides, as 
the bromide ion is more strongly adsorbed than the chloride 
ion. Eosin can also be used in the titration of iodides, but 
di-iododimcthyl-fiuorescein is better. 

Many otlier adsoi'ption indicators are used in titrations 
involving the formation of precipitates. 

Adsorption at the Air-Liquid Interface. — The study of 
adsorption phenomena at this interface has revealed more 
about the behaviour of two-dimensional matter than any 
other system. In fact, it may be said that there is an exact 
analogy between the behaviour of two-dimensional and 
three-dimensional matter : indeed, with two-dimensions 

there liappens to be a 
greater variety of observ- 
able states. If a drop of 
oil is allowed to float 
3 on water it may or may 
not spread. The criterion 
for spreading is laid down 
in a very simple way. 
Consider a lenticular drop floating on the surface (Fig. 152), 
then there are tliree surface active forces in operation, yj is 
the interfacial tension for the air-oil interface, that for 
the oil-water interface and y^ that for the air-water interlace. 
If the sum of the resolved components of yj and y^ m tbe 
direction of y^ is greater than yg, the oil will remam as a 
lenticular mass. If yg is greater than 

ponents, the di'op will spread. The question, therefore, 
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arises as to the ultimate thickness of the oil film. This in 
turn raises the question of detecting the presence of the 
film. The spreading of oil invariably lowers tlie surface 
tension at the liquid-air interface, hence it is a matter of 
devising a special type of interfacial tension apparatus. 
Tliis was first done by Irving Langmuir, though the 
properties of such films had been examined by Lord Rayleigh 
and Miss Pockels. The instrument has now been elaborated 
but its essential principles are shown in Fig. 153. A shallow 



Fio. 153. 

(Kroin AdBtn. Tht 0 / Sur/ac^t, by [)crmi88ion o( 

Oxford DniTenity Press.) 


trough IS filled brimful with water. Floating on the surface 
18 a boom A generaUy of mica. This is supported by a 
torsion wire M The position of the boom can be accurately 
measured by the movement of the mirror P. Attached to 

of which are 

^uck to the sides of the trough. Paraffin-waxed glass slides 
X rest on the other end of the trough. If a drop of f spreading 

cental into 

contact with the boom, the latter wiU be subjected to a 

certain pressure, which is numericaUy vs-fy.-i-v) In 

order to maintam the position of the the tetsTon w^ 

must be rotated. By calibration the actual force exerted on 

the boom can readily be oaloulated. These for be 
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quite large. It is not uncommon to find the surface tension 
of ater reduced to, say, 35 dynes/cm. The boom may be 
10 cm. long. Roughly, therefore, a force of 250 dynes or 
0-38 grams is exerted on the barrier. This is the "surface 
pressure of the film. 

Further investigation has shown that a great variety of 
substances have the property of spreading in this way. 'J'he 
most suitable consists of a long straight chain of CH 2 groups 
terminated by a suitable polar group such as COOH, stearic 
acid being a good example. Such a molecule is not soluble 
in water, unless of course the water is made alkaline. It has 
a strong tendency to accumidate at the surface, because 
the hydrocarbon chains liave so little affinity for water that 
they tend to aggregate ; on the other hand, the COOH 
group tends if possible to reach such an aqueous environment. 
The result is a compromise, in that by accumulating and 
orienting at the interface the carboxyl group may still be 
in the right environment and the hydrocarbon chains may 
associate together. 

With a three-dimensional gas we have the relationship 
pv = kT, where p is the pressure exerted by one molecule in 
a volume v at absolute temperature T. If we stretch the 
analogy to two dimensions, we would have FA=kT, where 
F is the pressure measured in the surface balance and A is 
the area of the film. Very sensitive balances can detect 
surface pressures as low as 10”® d 3 mes/cra. Hence F can be 
measured and, using a known weight of a substance, the 
number of molecules comprising the film may be calculated. 
If the analogy is exact w'e should, therefore, be able to 
calculate the numerical value of k. If the unit of area is 
square Angstroms it =1-37. The experimentally observed 
value is 1*4, when each molecule occupies an area of the 
order of 10,000 a®. As the film is compressed from these 
large areas the pressure exerted is somewhat less than that 
predicted for an ideal two-dimensional gas as shown in 
Fig. 154. At quite a well-defined point the pressure suddenly 
ceases to increase, but is maintained constant to point C 
when it once more increases. At areas between B and C 
two-dimensional condensation takes place, a two-dimensional 
vapour co-existing in equilibrium with a two-dimensional 
liquid. As the film area is made smaller the proportion of 
the liquid film grows until at C the film is wholly liqiud. 
The pressure represented by BC is the vapour pressure 01 



ADSORPTION 549 

the liquid. If the temperature of the substances is raised 
the length of BC decreases, and in fact tends to zero at a 
critical temperature. It is difficult in many cases to reach 



Fig. 154. 


this point, since naturally there is a practical limit in working 
with an aqueous substratum. As the area of the film is 
reduced below C there is a very 
rapid rise in pressure with a 
break in the curve at D, followed 
by a steeply linear portion DE. 

At E the pressure abruptly 
ceases to rise. At this point 
it could readily be argued 
that this wide range of 
transition had all occurred, that 
a monomoleoular layer had 
in fact been completed and, 
therefore, any further com- 
pression would simply involve 
piling another layer on top 
of the first, the latter naturally 
having the greatest effect in 
changing the interfacial tension. 

If the line ED (Fig, 166), is 
extrapolated back to zero pressure, the area so obtained, 
namely 20-6 a*, is that occupied by a single molecule as 
c ose y packed as possible in such a monomoleoular layer. 


I 



20'S 


^ occupMby Molecultt In 
Fio. 165. 
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This area in addition gives considerable amount of informa- 
tion on the state of orientation of the molecule. Suppose 
we consider the molecules of stearic acid — C17H33COOH, 
then, if this molecule were stretched out parallel to the 
interface, it would be about 4 a. wide and about 22 a. long, 
occupying an area of nearly 90 a.^. The measured area is 
only 20-5 A., and all the above phenomena point to the 
completion of a compact monomolecular layer at this area. 
The only explanation that is tenable is to suppose that the 
molecule is oriented perpendicular to the interface, with 
the carboxyl group adjacent to or may be dissolved hi the 
aqueous substratum. The chain of methylene groups then 
is turned towards the atmosphere. From the X-ray analysis 
of solid fatty acids it is known that the cross-section of a 

lone groups is about 20 a., which is, in fact, 
in agreement with the surface area measurements and 
consequently^ quantitatively supports the above picture. In 
the vapour state of this film it is of course more likely that 
the hydrocarbon chain lies parallel to the surface. The reason 
for tills supposition can be obtained by considering the 
dei iation of gaseous films from ideal behaviour. From the 
van der Waals theory of three-dimensional gases it is possible 
to obtain from the value of b some indication of the actual 
I'ohune occupied by the molecules. In the same way, it is 
possible to calculate, approximately, the area occupied by 
the molecules at these very low surface pressures. Sucli 
an area comes out to be of the order of 100 a. 2. 

The above typo of behavioiu* is common to all long chain 
molecules possessing terminal polar groups, provided such 
molecules are non-miscible with water. Even esters conform. 
For example, with glyceryl tripalmitate the area occupied 
per molecule in the highly compressed state is exactly three 
times tliat of palmitic acid itself. More surprising still is 
the fact that esters made from pentaerythritol ClCHgOHj^ 
occu])y four times the area of the acid from which they 
were derived. This means that one of the hydrocarbon 
chains has to bond roxmd in order tliat it may align itself 
with the others. It is, therefore, forced out of the aqueous 
medium as a result of its non-miscibility. 

Multilayers. — It has been seen that at high enough 
pressures multilayers may be built up. There is, however, 
another way of building multilayers on a solid substratum 
devised by Miss K. Blodgett. If a clean strip of chromium- 
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plated metal is pushed tlirough a monolayer of, say, stearic 
acid and withdrawn, a monolayer of acid can be tleposited 
on the metal surface. By a series of operations of this type 
layer upon layer of acid may be built up until the layer is 
thick enough to exliibit optical inteiference colours. In 
fact, by tins optical method it is possible to measure the 
thickness of the multimolecular film. 'J’he nieasTirenients 
point to the building of one on the top of the other of oriented 
acid molecules, each layer having a thickness corresponding 
to that existing with a compressed film in an aqueous 
substratum. 
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TABLE OF CONSTANTS 

R — Gas constADt per gram^molecule— 

K 0*082055 (0*0821) l.^atm. per degree. 

« 82 *056 (82*1) ml.*atm. per degree, 
s 62,362 ml.'inm. Mg. per degree, 
s 8*315 X 10’ ergs per degree. 

= 1*9866 g.'Cal. per degree. 

R — Rydberg’s constant for hydrogen = 109,677*76 era.- 
N — Avogadro’s number = 6*031 x 10*^. 

F — Faraday’s constant = 06,494 (96,500) coulombs. 

Mechanical equivalent of heat— 

1 g.^cal. =4*185 X 10’ ergs = 4*185 joules (j.)« 

= 42,670 g.-cm. 

= 0*04130 l.-atm. 

1 joule = 1 volt-coulomb =0*2390 cal. 

1 1. -atm. =24*21 cal. 

c — Velocity of light in vacuo = 2*998 x 10'® cm./sec 
e — Electronic charge = 4*802 x 10-'® e.s.u. 
h — Planck’s constant = 6*62 x 10“*’ erg-sec. 

h — Boltzmann’s constant, or gas constant per molecule =i?/Ar= 1 *3787 x 10- 
Absolute zero of temperature = -273*16® o. 

Gram-molecular volume at N.T.P. =22*414 1. 
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QUESTIONS AND PROBLEMS 


CHAPTER I 

1. State the periodic law of the elements as expressed by MendeJeeff. 
Point out the main imperfections of the MendeldefF classification. 

2. Give a short account of the development of modem views regarding the 
constitution of the atom, noting, more especially, the contributions made by 
J. J. Thomson, R. A. M ill ika n, \V. Ramsay, and L>ord Rutherford. 

3. Write short notes on the nature and origin of electrons, positrons, neutrons, 
protons, alpha rays, beta rays, gamma rays. 

4. What is meant by the atomic number of an element ? Give a short 
account of Moseley’s determinations of atomic numbers. 

6. Being given that the a-line of the X-ray spectrum of chromium has the 
wavelength A — 2*301 x 10 • cm.^ and that the corresponding line in the case 
w jron has X = 1-946 x 10“® cm., calculate the wave-length of the a-line of the 
X-ray epectrura of manganese. [2-111 x 10-* cm 1 

6. In the case of ytterbium and of tungsten the lines in the X-ray spectra 

were found to have the wave-lengths 1-6878 xlO"* and 1-4734 xlQ-* cm 
respwUvely. In the case of two other elemenU, the wave-lengths of the corre- 
sponding Imea were found to be 1 -0165 x 10-« and 1 -6661 x lO"* cm. respectively 
What are the atomic numbers of these elements ? f7I • 721^ 

7. Define the term isotopes. By whom was the term introduced » How 

isotopes be experimentsUy demonstrated ? E.xplain the 
principle of the mass spectrograph. vuo 

8. Discuss the significance of the packing fraction of an element. 

8pec\®ruS^‘"“^*^ wave-lengths of the first three Balmer lines in the hydrogen 

t account of the arrangement of the extranuclear electrons 

m the elements of the two short periods and the first lonir oeriod 
terms electrovalenoy, covalency, 6o-ordinato coval^cy, dfpSTe 


CHAPTER II 

and ■un\7rSeS““f‘?6rj;r Thi?To1 ‘L'Sd S " 

under a press, of 765 mm. T ' occupy at 30« and 

If the vol. were kept corretant, what would be the proas, hr the eeasel at 30" T 

pre^'uS!’'’ How°IJe‘S'^‘,tetio^ aff™tod“ by oSnge of 

the bar. preas. being 742-2 m^^The passed through water at 25®. 

0-4^3/ What ie®the -®«Ji®d 

at &-“a..’S ST 8“ ‘•h'-Wod 

* ^ “ mm., and If n, represents the ^ber of 
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g.-mol. of water vapour absorbed in a drying tube through which the moist aas 
calculate, from the numbers in the following table, the v.p. of water 

lit Ao 


"4 • 0-69220 0-59636 0-65353 0-76095 

’h ■ - 0-02294 0-01985 0-02192 0-02633 

P . 740-4 737-6 731-9 737-4 

[23-75, 23-76, 23-75, 23-76 mm.] 

6. U hat weight of acetone would be evaporated by passing a vol. of air 

^lual to 20 1. at N.T.P. through the liquid at 15®, the bar. press, being 765 mm 7 
The v.p. of acetone at 15" is 147-1 mm. [12-54 g ]" 

7. The value of the g.-inol. vol., calculated from the equation v = RTlv 
varies in the case of different gases. Why 7 

8. Assuming the validity of the equation pv = nRT, calculate the vol which 

will bo occupied at N.T.P. by 5-096 g. of the vapour of a substance the mol. 
wt. of which is 114-3. 1 1 

9. The weights of 1 1. of sulphur dioxide and of nitrous oxide at N.T.P. are 
2-9265 g. and 1-9777 g. respectively. Assuming the validity of Boyle’s law, 
calculate the value of the gas constant R and also of the g.-mol vol 

[/? =0 080065 ; 0-081477; v = 21-871 ; 22-256 1.] 

10. The mass of 1 I. of CO at N.T.P. is 1-25010 g. The coeff. X=0-00050. 

Assuming that the g.-mol. vol. for an ideal gas is 22-414 1., calculate the moL 
wt. of CO and the at. wt. of carbon. [28-006 ; 12-006] 

11. In the case of nitrous oxide the following values of pv were obtained : — 

Press, (in atm.) 1 0-66 0-5 0-33 

pv . . 1 00000 1 00294 1-00416 1 00669 

Find, by a graphic method (or by calculation, assuming that pv varies 
linearly with the press.), the value of pv at iero press., and so obtain the value 
of 1 -f X. Being given that the mass of 1 1. of N,0 at N.T.P. is 1 -9804 g., calculate 
the at. wt. of nitrogen. [1 X = 1-0085 ; N = 14 007] 

12. The following densities (g-/l.) at 0° c. have been determined : — 


Press, (atm.) 
Density : CO 
C,H, 
.. NH, 


1 -25000 

1-9149 

0-77169 


1-2681 

0-511815 


I 

0-62487 

0-9478 

0-382925 


0-264607 


Determine, for each gas, the density per unit press., the limiting density 
(d/p)o. and the value of l-t-X; and calculate the mol. wt. of the compounds 
and the at. wt. of carbon and nitrogen. (The limiting density of oxygen is 
1-42767). 


[(d/p)o: CO= 1-24950; C,H, = 1-8764; NH,= 0-76989 
1 -I- X : 1 -00040 1 -0205 1 0206 

Ml 28-006 42 058 17-032 

Ai C = 12-006 C = 12-003 N = 14-008] 

13. The densities per unit pres, at 0® of methyl fluoride at 760, 506-67, and 
263-33 mm. were found to be 1-54507, 1-63576, and 1 -62665 respectively. Cal- 
culate the mol. wt. of CH5F and the at. wt. of fluorine. [34-026 ; 19-00] 

14. At 0®, the density per unit press, of CHjCl has the following values — 

Press, (atm.) . 1-00 0-667 0-500 0-333 0-250 

dip . . 2-3074 2-2895 2-2802 2-2714 2-2664 

Find the value of the limiting density and calculate the mol. wt. of CH,C1. 

[{dlp)o = 2-2527 ; M =60-492} 

16. On determining relative densities by the buoyancy method, the follow- 
ing balancing press, in mm. were obtained : — 

po.- PN,o- Po,. pco,- Po,- Pc.n.- POi- . 

418-612 303-796 418-281 303-622 428-133 486-652 484-226 176-009 
229-137 166-430 234-464 170-3196 234-918 267-408 262-760 91-898 
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Find, in each case, the limiting ratio of press, and calculate the mol. wt. 
of the four gases. [r^ = l-37542; 1*37532; 0*876735; 2*74071 

i)/ = 44 0135; 44 010 ; 28*056; 87*9011 

16. The buoyancy press, for xenon and oxygen were found to be : 152*937 

and 627*82 mm. in one case, and 80*38 and 329*85 mm. m another. The ratios, 
corrected for change in the vol. of the btdb, were 4*1049 and 4 *1035 respectively. 
Find the at. wt. of xenon. = 4 1020 ; X = 131 *26] 

17. Given that the limiting density of oxygen at 0® is 1-42767, calculate the 
value of R and the g.«mol. vol. of an ideal gas. [i? = 0*082055 ; 22*414 I.] 

18. Given that the densities of oxygen and of hydrogen at N.T.P. are 1 *42894 

and 0*08988 respectively, and that the coeff. of compressibility are -f 0*00094 
and -0*00054, calculate the values of the limiting densities and the mol. wt. 
of hydrogen (08 = 32 000). (1*42760; 0 089929; 2*0157] 

19. A liquid was vaporised at 150^ in a Dumas bulb of 620*6 ml. capacity, 

the bar. press, being 745 mm. The weight of vapour was found to be 1*7096 "g. 
Find the mol. wt. of the compound. [114*9] 

20. When 0*1008 g. of CHCl^ was vaporised in a V. Meyer apparatus filled 

with dry air, 22*0 ml. of air, measured over water at 16*5® and 707*5 mm., were 
expelled. Calculate the approximate mol. wt. of CHCK. The v.p, of water at 
16*5^ = 14*08 mm. [119*3] 

21. What vol. of dry air at 15® and under a press, of 770 mm. would bo 
expelled by the vaporisation in a V. Meyer apparatus of 0*2350 g. of benzene ? 

^.1 ?;^68 g. of a volatile liquid was vaporised in a V. Me ver apparatus 

filled with air of which the humidity was 76 per cent. The vol. of expelled air, 
m^sured over water at 16® and under a bar. press, of 740 mm., was 45*3 ml. 
Calculate the approximate mol. wt. of the compound. The v.p. of water at 15® « 
12*7 mm. * 

^ sulphur was found to be 0*110 g./l. at 250® and 14 mm • 

0^332 g.^. at 460® and 85 mm.; 0*0777 g./L at SsS® and 85 mm JnteTret 
these data mlh reference to the mol. formula of sulphur. ^ 

24. 0 0870 g. of CHa, was vaporised at 100* in Lunjsden’s apparatus and 
the exceM press, produced was 15-2 mm. 0-0526 g. of a Uquid A and 0-0448 c. 
of a liquid B wore separately vaporised in the same apparatus at 100®, and the 

“ 1 ml- of »-hich"fhire 
^ mean kmetic energy of 5*90 x ern ? 

^^"21 \ .u dynes/cm.* or 119?1 cm. Hg ; 28ll® 

and 0-001250 ^ aro 0-001429 

and 0 001250 g. respectively, calculate the mean velocity of the molecules. 

2 fi TTn^AP a » (46,222 ana 49,313 cm. per soc.l 

at const ™f. 7 SSIhe S™’'” 

and at const. “>'> d-dorenco botweon tbo mol, ht. «t const, pros,. 

of the °r.7o' o?‘’p°'h?'?“' “• “ ^ “ “l-M^gtoo. What is the value 

32. In determining the .p, ht. of nitrogen tetroxido by the mot'iod’of 
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McCoUum the foUowmg data were obtained : During a period of 5 040 eee- 
OwoOO g of nitrogen tetroxide at 45-20“ were aUowed to flow through a tX 
immersed m a bath at 45-20“ + 1 -398“. The fall of potential across the heating 
cod was 0-U30 rolt, and the fall of potential across a resistance of 2-1965 ohnf 
m senes with the heating cod. was 0-1070 volt. By a special experiment it wTs 
found that when no NgO, was flowing there was a heat loss of 0-001202 cal /sec 
Calculate the sp. ht^. per g. of [ 1 -66 cal /degreeT 

33. Gas at a definite temp, is allowed to flow at a rate of m g. per sec over a 
wire heated by an electric current, whereby the temp, of the gas is raised by 
The electrical energy supplied to the heating wire is W j. per sec. From the 
touowing data calculate the value of Cp for the given gases. (1 =0*2390 caL) 




m. 

II'. 


' [Cp calc.] 

Air . 

• 

0-1105 

0-5211 

4-662 

cal./g. 

0-2418 

Argon 


0-0G279 

0-1733 

5-101 1 

0-1293 

CO* . 

♦ 

0-1047 

0-4496 

4-910 

0-209 

NjO . 


0-07148 

0-2591 

4-105 

0*211 

NO . 

. 

0-05150 

0-2231 

4-223 

0-2452 


34. In determinations of the ratio of the sp. ht. (y) by means of a Kundt’s 
tube, the following data were obtained 


Air. A. N,. HCl. COj. SO,. 

^ . 112-12 103-4 114-02 99 00 86*98 70-74 mm. 

d . 1-2928 1-784 1-2507 1-6398 1-9768 2-9266 g./l. 

Taking the value of y for air as 1 *405, calculate the value of y for each of the 
other gases and state the conclusions you draw regarding the mol. comple.vity 
of the gases. [1-05; 1*406; 1-404; 1-294; 1-2G0] 

35. Gases at a temp. Tj® k. and under a press. Pi mm. were allowed to 
expand adiabaticalJy, whereby the temp, and press, fell to T,® and p, mm. 
respectively. From the following data calculate the ratio of the sp. ht. 


Air 

A- 

Tv 

Pv 

Pv 

[y cala.] 

. 287-03’ 

280-40“ 

825-3 

760-6 

1-396 

0* . 

. 289-21“ 

279-25“ 

856-94 

757-5 

1-392 

CO, 

. 288-01“ 

277-08“ 

894-77 

755-4 

1-294 

Hj . 

. 290-32“ 

279-99“ 

855-27 

754-6 

1-401 


CHAPTER III 

1. Discuss the theoretical foundations of the methods employed for the 
liquefaction of gases. 

2. Calculate the fall of temp, which would be produced when air at 15® and 

under a press, of 5 atm. is allowed to expand adiabaticnlly into a space at atm. 
press. [107*6®] 

3. Ignition of a mixture of hydrogen and oxygen takes place when the 

mixture, at 20®, is compressed adiabaiically from atmospheric press, to a press, 
of 30*9 atm. What is the ignition temp. ? (y = l-4.) [821® k.] 

4. How may the crit. temp., press., and vol. of a liquid be determined ? 
From the following values of the density of liquid and vapour find the crit. 

vol. of 71- heptane. The crit. temp, is 206-9®. 

200®. 220®. 240®. 250®. 260®. 

Auiui.i • • 0-4952 0-461C 0-4177 0*3877 0-3457 

Aancur • - 0 0330 0 0489 0-0745 0-0946 0-1287 

[4-266 ml./g,] 

5. Deduce a relationship between the crit. constants of a gas and the con- 
stants a and b of the van der Waals equation. 
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6 The vao der Waals equation for ethylene is 

+ 0 - 00 * 86 ^ _ Q , 00224 ) = 0 - 0037(272 -5 + 0 - 

the constants being expressed in Aniagat units. Calculate the crit. temp. an<i 
crit. press, of the gas* = 58*03 atm. ; ^^ = 8*5^] 

7. From the following values of crit. press, and crit. temp, calculate the van 
der Waals factor b for the substance mentioned. (Unit of to). =m]. per g.-moL 
at N.T.P.) 

Hydrogen. Ether. 

Pg (atm.) • • 12«8 35*6 

Tg . . . . 33-2^ k:. 466*9^ K. 

(0 001187; 0*006004] 

8. Given the following values for the constants a and b of the van der Waals 
equation (units ; 1 g.-moI.» ml., atm.), calculate in each case the crit. temp, 
and crit. press. 


Acetone * 

a. 

b. 

r.® K. 

Pt (atm.). 

. 13-92x10* 

99-4 

605-8® 

52-2 

Ammonia . 

4.17x10* 

37-08 

' 400® 

112-3 

Argon 

1-348x10* 

32-30 

150-8* 

52-9 

Nitric oxide 

1-29x10* 

26-0 

179-1® 

70-67 


9. From tlio following values of the crit. constants, calculate the values of 
the van der Waals constants a and 6 (ml., atm.) : — 

„ ,, Oxygen. CO,. He. 

K- . . 154-38*' 304-1® 6-30® 

Pt (atm.) . , 50-8 73-0 2-26 

[® • • . 1-36x10* 3-609 X 10* 0-0325x10*1 

[» • • . 31-87 42-76 23-42 ] 

10. From the data given in the preceding question calculate the mol. 
diameters of oxygen, carbon dioxide, and helium. 

,, „ [2-93, 3-24, 2-65, xlO-* cm.] 

11. By means of the van der Waals equation, in which a = 3-6 x 10*, 6 =42-75 

(g.-moj., ml., atm.), calculate the press corresponding to a series of values of v 
and obtein therefrom the vol. of 1 g. of carbon dioxide at 60* and under a 
press, of 160 atm. [1.78 ml.] 

= K- and p, = 73-0 atm., write the 

m^ tftl expressing the vol. as a fraction of the 

ml n7i o. equation so obteined calculate the vol. in 

nU. of 1 g.^mol. of CO^at the cnt. point. (Vg = 128*25 m] J 

• Pe = S7-l atm. ;andT,=696’®K. 

Calculato the approx, mol. wt. of acetic acid at its crit. temp. F94-11 

® Calculate the mol. wt. of carbon dioxide. [«-001] 

and l‘.34ol « de^itics of ammonia and of nitric oxide at 0“ are 0-7717 

and I 3^2 g,^. respectively. The cnt. press* are 112-3 and 65 atm and the 

o?de‘:ZtrirwV7’^-: "■ the mol. wt.^ a^nia and of ^tric 

oxjoe ana tne at. wt. of nitrogen. (Hs 1*008.) 

Ifi TU IJ . . [17-110; 14-086; 3002; 14-02} 

and criT “ rfX738® ‘he crit. temp. 

17 Th«» II • IJ2 038 ml..atm. ; 22-41 Ut. ; 81-979 ml.-atm.] 

are 126W S and 33®49 /tm ^ ®rit. temp, and press, 

are ixo uu k. and 33-49 atm. Calculate the mol. wt. (R =0-082055 l-atm.) 

[28-02] 
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18. At 0® th© density of argon is 1*78364 g./l. under atm. press., and 0*69419 
g.-l. under 1/3 atm. In the case of ammonia the density is 0*77169 a /I under 
atm. press, and 0*38293 g./l. under 0*5 atm. Calculate the mol. wt. of the two 
gases an<l th© at. wt. of Nj. (39*94; 17*037; 14*013] 


CHAPTER IV 


1. Describe how the v.p. curve of a liquid may be determined experimentally. 

2. From the data given on p. 92 plot the values of log p against \/T for 
water and ethyl alcohol, and obtain th© values of the v.p. at 50®. Determine 
the constants of the equation : log p = A - B/T. 

3. At the ab.s. temp, 343*2®, 327*4® and 293 1® the v.p. of ethyl formate is 
1,300, 700, and 200 mm. respectively. At 392*2® k. the v.p. of propyl acetate 
Ls 1300 mm. At what temp, will the v.p. be 760 and 200 ram. ? 

(374*1® and 335*0® K.] 

4. Tlio v.p. of carbon disulphide and of water is 50 mm. at 254*0® K. and at 

311*3® K,, and 400 mm. at 300*8® K. and 356*0® k. respectively. Given that the 
v.p. of C^2 283*2® E. is 200 mm., at what temp, will the v.p. of water have 

this value ? [339*0® k.] 

5. A current of 1*085 amp. was passed for 20 mtn. through a spiral immersed 
in ethyl alcohol at its b.p. (78*4®). The fall of potential in the spiral was 5*14 
volts. 7*397 g. of alcohol were vaporised. Calculate the heat of vaporisation. 

(210-3 cal.] 

What conclusion do you draw concerning the mol. complexity of the liquid 
alcohol ? 

C. The atuounts of liquid hydrogen Huoride vaporised at its b.p. by the given 
amounts of electrical energy are as below. Calculate the beat of vaporisation. 


Time (min.). Volts. 

30 2*52 

30 2-15 


Amp. Wt. vaporised (g.) 
0-175 1-9727 

0-150 1-4011 

(96; 09 cal ] 


7. What weight of ether would be evaporated if a current of 1 074 amp. 

were passed for 20 min. through a platinum spiral of 6-535 ohm resistance, 
immersed in other at its b.p., if the beat of vaporisation of ether is taken as 
84*68 cal. /g. (21*63 g.]^ 

8. Given that the heat of vaporisation of ethyl propionate at its b.p., 99*0®, 

is 80*12 cal. and that th© densities of the liquid and of th© vapour at the b#p. 
are 0*7958 and 0*0033 respectively, calculate th© variation of th© v.p. with the 
temp. [22 '4 mm. per degree] 

9. Tho normal b.p. of ethyl formate is 54*5®. The value of dpidt at the 

b.p. is 27 mm. What is th© heat of vaporisation per gram ? [102^ cal.} 

10. The v.p. of acetone at 15® is 147-1 mm. and at 25®, 229-2 mm. Calculate 
the mean mol. ht. of vaporisation between 16® and 25®, 

11. The mean mol. ht. of vaporisation of ethyl alcohol at 20® is 10,005 

and the v.p. at 15® is 32-2 mm. What is the v.p. at 26® T « 

12. Tho heat of vaporisation of «-propyl alcohol at its b.p., 97-2 , is 1o4*d 
cal. What conclusion do you draw regarding its mol. complexity ^ 

13. The heat of vaporisation of ethyl ether at its normal b.p., 34-6 , Js 83*»y 

cal. Find the b.p. under a pressure of 700 mm. [32-2 J 

14. The v.p., in mm., of H,Ojat different temp, is represented by the equation 

logic 8*853. Calculate the mol. beat of vaporisation. 

^ [11,690 cal.) 


15. Butyl chloride has the following v.p. : — 

o 12-5 25-0 31-0 42 0 59 0 65-0 

p(cm.) 6-66 10-2 12-8 20-4 39-6 48-8 


71-0 

60-3 


73 0 
66-0 


77-5 

76-0 



APPENDIX 


559 


Plot logiQ p against l/T and find the constants of the expression log p 
= A - B/r. Calculate also the mol. ht. of vaporisation. (8090 cal.] 

16. The v.p. of divinyl ether (C^H^O) at 301* K. and 303* K. are 760*2 and 
807*3 mru. respectively. Calculate the mean mol. ht. of vaporisation at 302* K. 

(GGCO cal.] 

The v.p. of dirinyl ether at 27*85* c, is 743*9 riim. and at 28*85* it is 771*8 
mm. The sp. voL of the liquid at 28*35* is 1*3098 and of the vajioiir 334*0 ml, 
Calculate the heat of vaporisation at 28*35*. [89*3 cal./p. ] 

17. The v.p. of a liquid at 25* is 8*6 mm. Given that the mean mol. ht. of 

vaporisation is 12,970 cal., find the v.p. at 75*. [200 mm.] 

18. Ether boils at 35* under atm. press., and its mol. ht. of vaporisation is 

6,640 cal. Calculate the v.p. of ether at 30*. [636 mm.] 

10. The density of chlorobenzene at its b.p., 132*0*, is 0*9814 g./ml., the 
density of the vapour is 0*00359 g./ml., and the heat of vaporisation is 73*43 
cal./g. Calculate the rate of change of v.p. with the temp, at the b.p. 

(20*5 mm./l*] 

20. At 20* the times of outflow of water and of ethyl alcohol in an Ostwald 

viscosimeter were 85*2 and 187*1 sec. respectively. The densities of water 
and of alcohol at 20* are 0*9982 and 0*7893. If the viscosity of water at 20* 
is 0*01008 poises, what is the viscosity of alcohol ? [0*0176 poises] 

21. A steel ball having a diameter of 0*1588 cm. took 19*4 sec. to fall a 
distance of 15 cm. through castor oU in a tube 2 cm. in diameter, the temp, 
being 20*. The height of liquid was 25*4 cm., the density of the oil was 0*96, 
and the density of the ball, 7*65. Find the coeff. of viscosity of the oil (p=981). 

(9*88] 

22. In a capillary tube of radius 0*01843 cm., water rose 8*10, 7*96, and 7*82 

cm. at 0*, 10*. and 20® reepectively. The density at these three temp, is 0*9999, 
0*9997, and 0*9983. Wbat is the association factor of water ? [3*81 ; 3*68) 

23. At 14*8* acetylchloride (ds 1*124) ascends to a height of 3*28 cm. in a 
capillary tube of radius 0*01425 cm. At 46*2*. in the same tube, the height 
w« 2*85 cm.^and the density 1*064. Find the crit. temp. Mol. wt. of acetyh 

[234*9*] 


chloride s; 78*5. 

must be the radius of a capillary so that at 20* ethyl alcohol 
(a— 0*7893, y = 22*27 dynea/cm.) may rise to a height of 3*60 cm. ? 

... . (0*01643 cm.] 

* if = *'2®4) rose at 19-4^ to a height of 4-20 cm. in a capillary 

tube of mdius 0*0129 cm. What is the surface tension of the liquid ? [33*58] 
j a 7 ? ^ certain liquid, the moJ. surface energy at 19*4* is 515*4, 

and at 46*1 it is 461*4 ergs. What conclusion do you draw with regard to the 
moh complexity of the liquid ? 

following daU that the molecules of formic acid are 
awocm^ m the hqmd state but that the degree of association diminishes with 
nee of temp. Radius of capillary =0-0r425 era. 

Terap le-s® 46-4® 

Height .... 4*442 4*205 

Density .... 1-207 1-170 

falling from a stalagmometer weighed 35*239 me. 
and 26-530 mg. at 11*4* and at 68-5* respectively. The densities at these 

benzene- (288*4*1 

are ^“ylnlcohol. and of acetone at their b.p. 

oi. At M the surface tension of ethylene oxide C.H O is 24-^ 

(P = 112*6] 


79*8* 

3*90 cm. 
1*129 
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CHAPTER V 


, refractive index of aUylacetone. C,H,oO, for the D-line ia 

1_4213 and the density 0-84702. Calculate the raol. refractivity and compare 
the value found with that calcuLated by means of the at. refract ivities given 
in the text. [[^J ^29*3S] 

2. If the refractive index of aUylacetone (previous problem) were determined 

in a Pulfrich refractoraeter using a prism with refractive index N = l Q2ll, 
what wouhl be the angle of emergence ? [ 51 « 21'] * 

3. A symmetneal unsaturated aliphatic ketone, was found to have 

the raol. refractivity 45*39. What conclusions do you draw regarding the 
constitution of the compound ? 

4. The mol. refractivity for the D lino of acotoacetic ester, C^H^O.COOC^H^, 
has the value 32 00. What conclusions do you draw regarding the constitution 
of the ester ? 

5. At 20® the refractive index of acetone for the D line is 1*3641, and its 

density is 0*8005. Calculate the mol. refractivity. [16*15] 

6. At 20® in a tube 0*9992 dm. long, nicotin (rf = 1*0110) gave the rotation 

a„= - 105*65®. What is its spec, rotation ? [ - 1 64*00®] 

7. In a 2*1979 dm. tube at 20®. a 29*97 % sol. of turpentine in alcohol gave 

a rotation for the D-Une of -20*29®. The density of the solution was 0*8127. 
Calculate [a]f/ for turpentine. [ —37*90®) 

8. Solutions of cane sugar containing 5*087, 10*382» and 18*144 g. in 100 ml. 

of solution, gave, in a tube 2 <lm. in length, a**f,* = 6*776®, 13*824®, and 24*128® 
respectively. The densities of the throe solutions were: 1*0179, 1*0382, and 
1 0678. Calculate the value of [a],;^ [06*61®, 66*57®, 66*45®] 

9. For aqueous solutions of cane sugar, [o]*' =66*510®. What is the per- 
centage composition of a solution of cane sugar {d = 1*1037) which gives 

= +36*67 in a 2 dm. tube 7 [24*98] 

10. State Beer’s taw of the absorption of light by a solution, and define the 
terra molecuhr extinction coeJficienL 

11. Under a pressure of 10 atm., the dielectric constant of carbon dioxide at 
35®, 70®, and 100® U 1*00971, 1*00831, and 1*00753 respectively. The mol. 
vol. in ml. is 2352, 2728, and 2991. Calculate the molar polarisation at the 
three temperatures and determine the dipole moment of carbon dioxide. 

(7*588, 7*536, 7*485 ml. ; M=0] 

12. From the following <lata, determine the dipole moment of ammonia 
(measurements carried out under press, of 20 atm.) 

o 100® 125® 150® 175® 

(«-l)xI0^ . . . 940 822 713 638 

Mol. vol. (ml.) . . 1385 1512 1636 1753 

[m*1-44 d.) 

13. The molar polarisation, P, of water vapour at T = 393*0®, 423*0®, 453*0 
and 483*0® K. is equal to 57*4, 63*32, 50*04, 47*17 ml. respectively. Plot the 
values of P against I IT and of PT against T and find the values of a and 6 m 
the expression P = a+6/r. Calculate the dipole moment. 

Given that the molar volume is 43,090 ml., calculate the dielectric constont 
at 423*0® K. [a = 3*756; 6=20,967; u = 1*84d. ; € = 1*W372] 

14. The dielectric constant of eth 3 d ether vapour was deterramed at tae 
temperatures shown and under different pressures. The following values were 


obtained : — 

K 313 0- 353 0- 393-0- 

{«-l)xl0‘ . . . 495-0 470-0 450-7 

Mol. vol. in ml. 31,610 31,420 31,290 

Calculate the molar polarisation at each temp, and determine 
the dipole moment. 


4330- 
431-0 
31,230 
the value of 
fl-14 D.] 
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CHAPTER VI 

1. In what respects does the crj’stallme state differ from the amorphous 
state ? How woidd you define the melting-point of a crj-stalline solid ? 

2. The change of volume (Uj-i-,) on melting is -0 00342 ml./g. in the 

case of bismuth and +0-0904 in the case of benzophcnone. Under atm. press 
the m.p. of the former is 270-9® and of the latter 47-8®. The latent heats of 
fusion are 12-5 and 23-90 cal. respectively. What will be the approx, m.p. of 
the two substances under a press, of 100 atm. 1 [270-54° ; 50-74°l 

3. The m.p. of tin (504° k.) and of naphthalene (353-3° k.) are raised by 

0-328° and 3-50° respectively by an incre.-iso of pressure of 100 atm. On melting 
there is an increase of vol. of 0-03894 and 0-1458 ml./g. respectively. Calculate 
the latent heat of fusion of the two substances. [14-48, 35'-64 cal./g.l 

4. How does the velocity of crystallisation of a supercooleil liquid vary 
with the degree of supercooling ? 

5. Assuming the validity of the Neumann-Kopp law, calculate the sp. ht. 
of a glass having the composition : 81*24-5, Zn =27-5, K =7-5, B =2-8 0 = 37-7 
the atomic heats of these elements being 3-8, 6-4, 6-4, 2-7, and 4-0 respectively! 

6. How may the deviations of solid elements from Dulong^and Petit’^s^law 
bo ezplamed ? 

7^ What are the Miller indicea of a crystal face which makes intercepts 
3a:-6:c on the A. B, and C a.xes ? What are the Miller indices if the 

3 

intercepts are 2a : -6 ; c ? 

non; wave-length, erst order reflexion maxima for the 

®' cubic crystal were obtained when the ancles 
r'" lauice has the 

the^u;if!!^?l‘l!?.ri bromide have a face-centred cubic lattice and in 

the i^t ceU there are the equivalent of four molecules. Being given that the 
density of the crystal is 2-76. find the length of the edge of the^ un?t ceU and 
the distance betw^n the planes paraUel to the d,« face. ® 6-58S A. ; 3-295 a.] 

was ibUiSd at from the (100) face of KBr 

find the value of X. ^ obtained in the previous problem 


CHAPTER VIII 

^ meant by the osmotic pressure of n solution T How mav its 

p-u. o, „ 

eolutl™, ? I-” <in.wn between ieotonio end ieosmotie 

eontan^g 90 1 g.tf™ e p" b“‘ T"’'* "f “ T'' 

per^iit'^Vere ®foi^d"L''^ containing 0 098. 0-282. and 0-452 g.^mol. 

resnectivSt ^ osmotic press, of 2-69, 7-61, and 12-76 atm. 

Hoff t calculated values according to the theory of van’t 

[2-34, 6-74. 10-81 atm.] 
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5. Assuming the validity of the van’t Hoff laws of dilute aolutioDS calculate 
the osmotic press, at 0*^ of solutions containing in 1 1. (1) 33*93 g. of sucrose 
(M =342*2), (2) 99*8 g. of glucose {31 = 180*1), (3) 100 g. of mannitol (J/ = 182*l)* 

[2-22; 12-42; 12-31 atm.] 

6. A solution containing 100-5 g. of glucose per lit. has at 0® an osmotic 

press, of 13*21 atm. Calculate the approx, mol. wt. of glucose. [170*6) 

7. At 20® a solution containing 18*0 g. of mannitol per lit. gave an osmotic 

press, of 2*39 atm. Calculate the mol. wt. of mannitol. [181-2] 

8. Calculate the osmotic press, at 20® of a solution containing 0*6 g.-moh 

of solute in 1000 g. of water, the solution being regarded as ideal. The spec, 
vol. of water at 20® = 1-0018. [14*3 atm.] 


CHAPTER IX 

1. State Raoult’s law of the lowering of the v.p. of a solvent by a non* 
volatile solute. 

2. An aqueous solution obtained by dissolving 21*24 g. of a substance in 

100 g. of water had at 0® a v.p. of 4*432 mm., the v.p. of water being 4*620 mm. 
Calculate the rnol. wt. of the solute ? [93*9) 

3. At 40® the v.p. of a solution containing 0*284 g. of solute in 100 g. 

of acetic aci<l is 34*69 mm., the v.p. of acetic arid at the same temp, being 
34*77 mm. Calculate the mol. wt. of the solute. [74-1] 

4. At 20®, 36*004 g. of mannitol dissolved in 1000 g. of water lowered the 

v.p. by 0*0014 mm. Being given that the v.p. of water at 20® is 17*639 mm. 
and its density 0*9982, calculate the mol. wt. of mannitol and the osmotic 
press, of tho solution. [185-1 ; 4 *67 atm.) 

6. Given that the v.p. of water at 25® is 23-762 mm., find tho concentration 
of a sol. of mannitol (iV = 182*1) which would have the v.p. of 23*583 mm. 

[72*0 g./lOOO g.] 

6. When 6 g. of a compound (3/ =60-6) is dissolved in 100 g. of water, 

the relative lowering of the v.p. is 0*01783. What will be the v.p. of a sol. 
containing 3*6 g. of a compound (3/ = 182) in 100 g. of water if the v.p. of water 
at the given temp, is 17*539 mro. ? ^ mra.j 

7. The v.p. at 26® of a sol. containing I g.-mol. of sucrose in 1000 g. of water 

was found to be 23*283, the v.p. of water being 23-752 ram. Assuming that 
the sol. is ideal, calculate the osmotic press. The mol. vol. of water at 25 
= 18-054 ml. ^ [20-8 atm.] 

8 A solution of 8-28 g. of a substance A in 100 g. of ether was found to 
have the same v.p. as a solution of 7-32 g. of benzoic acid in 100 g. oj ®ther. 

What is the mol. wt. of A ? _ , . , u lu « 

9. A current of dry air was passed through a senes of bulbs contammg a 

sol. of 3-458 g. of a substance in 100 g. of ethyl alcohol, and then through a 

series of bulbs containing pure alcohol. The loss of weight m the former senM 

of bulbs was 0-9675 g. and in the latter series 0-0255 g. Calculate the 

*^10. ^Air^was drawn through a sol. containing 38-00 g. of solute in IM g. 
of water and then through pure water, both at the same The Iom of 

weight of water was 0-0551 g.. and the totol weight of water absorbed m a 
sulphuric acid tube was 2-2117 g. What is tho mol. wt. of the solute 

11. At 20“ the v.p. of water is 17;639 mm. \Vhat will the v.p^f an 

aqueous sol. of 10-00 g. of glycerol m 100 g. of water ? [17 196^^ 

^ 12. What wiU be the relative lowering of the v.p. produced « 

0-4 g.-mol. of a substance in 1000 g. of water T ic oi nf ether was 

11 The b n of a sol. of 0-1050 g. of a substance m 15-84 g. of ether wm 

higher than that of tho pure solvent by 0-100“. What is the mol. 

0 OlutO ? 
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14. A sol. of 0*832 g. of mannitol (J/ = 182*1) in 20*55 g. of water buUed 
0*114® liigher than pure water. What is tbo mol. do vat ion of the b.p. of water ? 

(5I3| 

15. 0*5042 g. of a siibstance dissolved in 42*02 g. of benzene raised the h.j*. 
of the solvent by 0*175® Being given that the latent he.it of vajiori^ition of 
benzene at its b.p., 80*2®, is 94*4 cal., calcuLitc the mol. wt. of the s<iliitc. 

flT9-8| 

16. A solution of 0*970 g. of benzil ( jV — 219) in 100 g. of aniline Ixdls 0* 154® 

higher than the pure solvent. Culciilate iho licat of Viiporis^it ion of aniline at 
Its b.p. 184®. [125*3 cal. g.) 

17. A sol. of 0*300 g. of camphor <C,gH,«0) in 25*20 g. of chloroform boils 
at 61*299®, the b.p. of the solvent being 61*0®. Calculate the mol. dovatiou 
of the b.p. and the heat of vaporisation of chloroform. 

(3818: 58*07 cal. ;g.) 

18. A solution containing 0*622 g. of solute in 40*0 g. of water froze at 
-0*610®. Calculate (1) the mol. wt. of the solute, (2) the osmotic presf?ure of 
the solution, (3) the relative lowering of the v.p. • 

(56*7 ; 0*14 atin. ; 0*00494) 

19. A solution of 0*1605 g. of naphthalene in 20*0ii g. of benzene 

has a f.p. 0*245® lower than that of the pure solvent (5*40®). What is the latent 
heat of fusion of benzene ? (30*25 cal.) 

20. 0*7320 g. of chloroform dissolvcil in 25*0 g. of benzene lowered the f.p. 

by 1*250®. What is the mol. wt. of chloroform ? (120) 

21. What weight of mannitol (J/s 182*1) would have to be dissolved in 
15*00 g. of water in order to give a solution which freezes at -0*743® ? What 
would be the molar fraction of the solute in this solution ? 

(1*093 g.: UjaO OOTlo) 

22. An intimate mixture of 0*4240 g. of a substance with 9*6871 g. of camphor 
had a f.p. 12*3® lower than that of camphor. Given that the mol. wt. of the 
substance is 139, calculate the mol. lowering of tbo f.p. of camphor. 

[39,000) 

23. A solution containing 0*2905 g. of benzoic acid, C^H^.COOH, ui 20*27 g. 

of benzene was found to freeze at 0*317® below the f.p. of the solvent. Calculate 
(1) the apoarent mol. wt. of benzoic acid, and (2) the degree of association, 
assuming the formation of double molecules. (230*2 ; 0*908] 


CHAPTER X 

I'OOO g. of AgNO, in 50-00 g. of water was found to freeze at 
•0*348 , Calculate the value of i, [1*59] 

0'0G27 g-mol. of NaCl in 1000 g. of water freezes at 
^0*221 . Calculate the value of i. [I *889] 

ai. electricity must be passed through a sol. of AgNO. in order 

that 1*350 g. of silver may be deposited ? (1207*5 coulombs] 

4. A c'i/rent of oj^tricity was passed through a series of colls containing 
solutions of AgNOj, CUSO4, and HjS04 lo** ^ period of 25 mm. The wt. of Ac 
deposited was 0-5324 g. What was the wt. of Cu depositetl niid whut was the 

over water at 15* (v.p. = 12-8 mm.) and baromettic press. 
-/OU ram. hbemted by the current T Whnt was the strength of the current. 

^ (0-1669 g. 5 60-14 ml. ; 0-3174 amp.] 

o* What wt. of jodin© would be liberated if a current of 0-155 amp. were 
pa^d for 16 mm. through a sol. of KI T For how long would the current have 
to be passed through a sol. of CuSO. in order to give n deposit of 0-262 g. of 

-... ... t0-l835 g. : 82-2 mi^.l 

5. 1 . o* hydrogen and oxygon U evolved when a dilute sol. of NaOH 

IS oiootrolysed. How many g.-mol. of mi.xod gases would bo Ubomted by a 
current which deposited 20-9742 g. of sUver ! [0 14682] 
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7. A mixture of hydrogen and oxygen* liberated by the passage of an electric 
current through a series of six cells containing a sol. of NaOH was passed* in 
separate experiments, through solutions which contained 0-4 and O G g.-mol. 
of KCl and of mannitol respectively, at a temp, of 25®. The amount of electricity 
was determined from the wt. of silver, W„ deposited in a coulommeter, and 
the weight of water carrie<l off, was determined. The v.p. of water at 

25® = 23*752 mm. P is the atm. press. From the following data calculate the 
lowering of the v.p. and the value of t for the sol. of KCl : — 

KCl W,. W^. P. Mannitol. \V,. W^. P. 

0*4 M. . 21*3610 0*52467 740-82 0*4 M. . 21-4427 0-52757 744 08 

O G M. . 15*5702 0-37712 745*04 0*6 M. . 15*8026 0*38792 742*76 

[is I *86; 1*77] 


8. At 20® the v.p. of a 0*1 m. sol. of mannitol is 0*0311 mm. less than that 

of water, and the v.p. of a 0*1 m. sol. of KCl is 0*0574 mm. less than that of 
water. What is the value of i ? [i = 1*846] 

9. The equiv. conductivity of a sol. of acetic acid containing I g.-equiv. 

in 1000 1. is 41*0 mhos at 18®. Being given that the ionic conductivities of 
hydrogen ion and acetate ion are 315 and 35, calculate the degree of ionisation 
of the aci<l. (0-1 17] 

10. The eipiiv. conductivity of a 0*01 n sol. of NH^OH at 18® is 9*6 mhos. 

For NH4CI, =129*8, and the ionic conductivities of OH' and Cl' are 174 
and 65 ‘5 mhos respectively. Calculate /loo NH4OH and the degree of 
ionisation in the above solution. [238*3 ; 0*040] 

11. Tiic cquiv. conductivity at 25® of a 0*01 N sol. of KCl is 141-2, and the 
eqiiiv. coiuluctivity at infinite dilution is 148*8. Calculate the Arrhenius 
coefficient* What would be the f.p. of this solution ? 

(a = 0*949; ^ = 0*0362®] 

12. A 0*02 M. sol. of freezes at -0*0952®. What is the value of 1 and 

of tlio Arrhenius coefficient ? [2*50 ; a»0*78) 

13. The f.p. of sol. of KCl and MgS04 containing 0*01 and 0 03 g.-nioh/l. 
are -0 0360® and -0*1055® for KCl, and -0*0266® and -0-0742® for MgSO*. 


What are the values of the osmotic coefficient, g ? 

(0-031. 0*063; 0*283,0*334] 

14. The con<luctivity of a sat. sol. of AgCl at 19*96® is 1*33x10“* mhos. 
Given that the ionic conductivities of silver ion and of chloride ion are 66*9 
and 68*4 respectively, calculate the solubility of AgCl. 

[1*06 X 10“* g.-equiv,/l.] 

13. At 18® a sat. aqueous sol. of BaS04 was found to have a conductivity 
of 3 *648 X 10“*, that of the water being 1*25 x 10^* mhos. What is the solubility 

of BaSOj ? The ionic conductivities are : JBa =65, ^804^68*3. 

[2*076 X 10-* g./l.J 

16. A sat. sol. of gvpsum at 19*94® has the conductivity 19*68 x 10“* mhos. 
Given that =125*9, 6nd the total cone, of CaSO* in the sol., the degree of 

dissociation being 0*524. ^ in-e 

17. At 20*15® the conductivity of a sat. sol. of thallous iodide is 2b*18 x I u 
mhos. The equiv. conductivity at infinite dilution is 138*0. The degree of dis- 
sociation is 0-989. What is the total concentration of the salt ? 

[1-92 X 10“* g.-equiv./l.] 

18. A sol. of AgNOj having the composition 28-435 g. of H^O, 0-2099 8; ^ 
AcNOi was electrolysod, using silver electrodes. The current pa^d deposited 
0*000792 c. -equiv. of silver. At the conclusion of the electrolysis the sol. around 
the anode was found to have the composition 28*435 g. of H2O, 0-287 g. o 
AgNOg. Calculate (1) the relative velocities of miction of the silver ion ana 
nitrate ion, (2) the transport number of the nitrate ion. 

19 During the electrolysis of a sol. of CUSO4 in which 5-0473 g. of CuSO* 
were dissolved in 94-953 g. of 1-648 g. of sUver were deposited 

meter placed in series with the copper sulphate sol. After the electrolysis, 
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137*7422 g. of the anode eol. was found to contain 7*7022 g. of CiiSO^. What 
b the transport nuraber of the sulphate ion ? (O COS] 

20. A sol. consisting of 99*399 g. of 11*0 and 0-0011 g. of NaCI was electro- 

lysed, using a cadmium anode. The silver deposite<l in a couloinmetor wciglied 
0-745 g. After electrolysis, 130*59 g. of anode sol. contained 0*0229 g. of chlorine. 
Calculate the transport number of the chloride ion. (U*t>()71 

21. A sol. containing 0*2010 g. of AgNOj in 23*81 10 g. of sol. was c!cctroly>c<l 

between silver electrodes. After electrolysis, 23*8823 g. of tlie anoiie sc»l. con- 
tained 0*2723 g. AgNOj. In a coulommeter 0 0247 g. of copper was deposito<l. 
What is the transport number of the silver ion ? [0*401) 

22. A sol. of KCl containing 24*044 g. HjO and 0-9553 g. KC‘I was electro- 

lysed, using a cadmium anode. In a silver coulommeter, 0-4171) g. Ag was 
deposited. After electrolysis, 25*211 g. of the «inode sol. contained 0*5240 g. 
of chlorine. What is the transport number of the chloride ion ? [0*504) 

23. 0*024 g. of copper was dc}>osited In a coulommeter in series with a trans- 
port number cell containing k/ 20 AgNOj between silver electrodes. Calculate 
(a) the change in weight of the silver electrodes ; (6) the change in weight of 
silver in the solutions surrounding (i) the anode, (ii) the cathode ; (<*) the <ium« 
tion of the electrolysis assuming a constant current of 0*01 uiup. The trans- 
port number of the silver ion is 0*47. 

((a) 0*0815 g. ; (5) 0*0431 g. ; (r) 7280 sec.) 

24. The equiv. conductivity of a very dilute sol. of NaNOj at 18® is 105*2 

mhos. Being given that the ionic conductivity of nitrate ion in the same sol. 
is 61*7, calculate the transport number of this ion. (0*587) 

25. The equiv. conductivity of KCl at infinite dilution is 130*1 lubos. The 
transport number of potassium ion in such a sol. is 0*490. Calculate tlic relative 
mobilities of K* and Cr and their absolute velocities under unit fall of potential. 

[uJu^siO-9S4 ; «^sC*G9 x 10"*. Ua = 6*79 x 10’* cm./sec.] 

26. In a dilute sol. of sodium bromide at 18® the transport number of 
sodium ion is 0*392. Given that the ionic conductivity of sodium Ion is 43*5, 
calculate the equiv. conductivity of sodium bromide at infinite dilution. 

[Ill inhos.J 

27. At 18 the equiv. conductivity of silver nitrate at infinite dilution is 

146*0 mhos. The transport number of silver ion is 0*471. What is the velocity 
of silver ion under unit fall of potential ? (5*06 x 10“^ cm./sec.) 


CHAPTER XI 

^Iculate the work done, in Utre-atm., gmm- millilitres, and in calorics 
when the vol. of a gas increases at const, temp, against atm, press, from 500 ml, 

516.650; 1211] 

What IS meant by the heat-content of a system ? What relation exists 
between the change in boat-content and the change in total energy* of a system ? 

^.32*7 g, of zinc Mere dissolved in excess of dilute hydrochloric acid at 
t o , (a) Jn an open vessel, (5) in a closed vessel, Nvhat would bo the difference 
between the heats evolved in the tM*o cases ? [280*3 cal ] 

4. Water and benzono boU at 100* and at 80-2* respectively. C«lc«iiat© 

in litrc-atm. and in cal., ogninst the utmosphore, when 
lOO g. of each hqmd is vaporised at the b.p. 

«? A. loo. [170 and 37-14 l.-atm. ; 4116 and 899-3 cal.) 

wi ♦ , 1 . . ‘ “^ociates in the vapour state to tbo extent of 41-7 

wnat would b© the work done, in cal., on vaporising 100 g. of PCI, at the abovo 

ft* T» • . . . cal.) 

given that the heat of vaporisation of water and of benzeno is 
o.>y-o and 94-4 cal. per gram respectively, calculate the values of g. A// and AU 
associated with the vaporisation of 1 g.-mol. of the liquids. 

[9723, 7376 cal. ; 9723. 7375 cal. ; 89S2. 6673 cal.) 
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data formation of potassium chloride from the following 

KOH aq. +HC1 aq. =KC1 aq. +HjO + 13-7 kg.-cal. 

+ JOj = HjO 4- 68-4 kg.-cal. 

4-aq. = HC1 aq. H- 39*3 kg.-cal. 

^ + iOj + iHj -I- aq. = KOH aq. + 1 16*5 kg.-cal. 

KCl +aq. = KCl aq. — 4*4 kg.-cal. 

[105*5 kg.-cal.] 

8 . From the following data^ calculate the heat of formation of anhydrous 
AljClj : — 

2A1 + 6HC1 aq. =AljC4 aq. + 3 Hj -1-239,760 cal. 

Hj + CU = 2HC1 44,000 cal. 

HCl+aq.=HCl aq. + 17,315 cal. 

AljCle +aq. + AljCl^ aq. + 153,690 cal. [321,960 cal.] 

9. Calculate A// for the reaction Hg,C4 + 2KOH =2KC1 + HgjO +HjO» 

being given the following heats of formation in kg.-cal. : Hg^Clj, 63*01 ; 
KOH aq., 114*85 ; KCl aq., 99-88 ; Hg^O, 21*5; HgO, 08*4. [3*05 kg.-cal.] 

10. Calculate the heat of formation of a dilute sol. of nitric acid from nitrogen, 
oxygen, and water from the following data : — 

HNOg aq. + NHj &NH4NOa aq. +20895 cal. 

NH4NO3 +aq. =NH4 NOj aq. - 6325 cal. 

NH4NO3 = N, + 2H,0 + iO* + 49450 cal. 

JN, + |H* *NH3 + 1 1010 cal. 

H, + jOa = HjO + 68350 cal. [14,845 cal.] 

11. Calculate the heat of formation of ethyl acetate from ethyl alcohol 
and acetic acid, being given that the beat of combustion of ethyl alcohol is 
34,000 cal., of acetic acid 21,000 cal., and of ethyl acetate 55,400 cal. 

[ - 400 cal.] 

12. Given that the heats of formation of H^O (Uq.), CO3, and C3H4 are 

68,400, 04,400, and 33,850 cal. respectively, calculate the beat of combustion 
of propane at constant press, and at constant vol. (Assume experimental 
temp, to be 15^.) [522,950 cal ; 521,233 cal.] 

13. Being given that the beats of formation of Fe^O^ and AI2O3 are 195*6 
and 381*0 kg.-cal. respectively, calculate the heat of reduction of Fe^O^ by Al. 

[185*4 kg.-cal.] 

14. Calculate the heat of neutralisation from the following data: 250 ml. 
of 1*390 n/ 2-HCI was poured into 250 ml. of 1-478 N/2-NaOH. At the com- 
mencement of the experiment the acid bad a lower temperature than the 
alkali by 1*132'’ The rise of temperature on mixing was 4*195^ The weight 
of the calorimeter was 74 g. and the specific beat of the material was 0*057. 
Similarly, the weight of the stirrer was 33 g. and the specific heat 0*095. 
The water equivalent of the thermometer was 1*155. (It may be assumed that 
the specific heat of the solution is equal to the specific beat of water.) 

[13*9 kg.-cal. per g.-equiv.] 

16. From the following data, determined at the ordinary temperature and at 
constant pressure, calculate the heat of formation of methane at constant 
pressure : heat of formation of carbon dioxide = 94 *3 kg.-cal. ; heat of forma- 
tion of water = 68*3 kg.-cal. ; heat of combustion of methane = 213*8 kg.-cal. 

[17*1 kg.-cal.] 

16. Calculate the heat of combustion of amylene, CH3 . CHj . CH, . CH : CHj. 

[807 *8 kg.-cal.] 

17. Being given that the heat of formation of Pbl2 is 41,860 cal., and the 

heat of formation of PbCI* 83,900 cal., calculate the heat of the reaction : 
Pbl, + CI2 = PbCI* + I2. ri2,0M cal.] 

18. At 18^ the heat of the reaction C + C02 = 2C0 is —41,950 cal. The mean 

atomic and molar heats of carbon, carbon dioxide, and carbon monoxide are 
2*496 9*066, and 0*791 cal. respectively. Calculate the heat of the above 
reaction at 50^ [ -42,015 cal.] 
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19, At 20^ the beat absorbed in tho reaction CaCO 


oG7 

— ^•CaO+COa is, at 

constant pressure, 42,900 cal. What is the heat of dissociatioD at constant 
volume at 20^ ? Being given that the mean molar heat capacities of CaO> 
CaCOj, and COj between 20® and 000® are 12*27, 20*37, and 7*3 cal. rcsj>cctively, 
calculate the beat of dissociation at 600®. (42,317 cal. ; 38,956 cal.] 


CHAPTER XII 

1. A mixture of 6*22 moles of hydrogen and 5*71 moles of iodine were 

heated at 357® o., and the amount of free iodine In the equilibrium mixture 
was found to be 0*01 mole. Calculate the equilibrium constant of the reaction, 
2HIsH, + Ij. [0 0140] 

2. Hydrogen and iodine in the ratio of 1 mole of the former to 4*103 moles 

of the latter were heated at 357® c. until equilibrium was established. Being 
given that the equilibrium constant of the reaction is 0*01494, calculate how 
much hydrogen iodide would be formed for each mole of hydrogen initially 
present. [1*963 moles] 

3. The degree of decomposition, x, of HI at different temperatures is given 

by the expression x =0*13762 +7-22 x 10-*/ + 2*5764 x What is the 

value of the equilibrium coikstant, at 600® of the reaction, 2HI=:H, + I, ? 

[0*0244] 

4. Under atm. press. 9*20 g. of N,04 occupy a vol. of 2*05 1. at 27®. To what 

extent are the Nj04 mols. dissociated ? (19*8 %) 

6. At 35® the degree of dissociation of N,04 is 0*27 under a press, of 1 atm. 
Calculate the volume of the equilib. constant Kp and the degree of dissociation 
under a press, of 2 atm. [0*3147 ; 0*195] 

6. At 26®, under a pressure of 1 atm., the vapour density of nitrogen 

tetroxide is 38*0, referred to that of oxygen = 16. Calculate the degree of 
di^ociation (a) into NO, molecules, and the proportion of N1O4 to NO. mole- 
cules in the equilibrium mixture. (a = 0*21 ; N,04 ; NOj = 79 : 42] 

7. From the value of a obtained in the preceding question, calculate the 

value of a under a pressure of 2 atm. [0*1501 

8. At 62*90® the degree of dissociation of N,04 under a pressure of 783*3 mm. 

“ of and a: .. [^^ = 1*033; ^4*0*0386] 

9. The equilibrium mixture obtained by heating 1 vol. of N, with 3 vol of 

^ contains 25*11 % of NH., What is the 

value of ^p t [7 *6 X 10"*] 

10. Given that the degree of dissociation of PCI4 at 523® K. under atm 

the values of Kp and A%. Given that the value of K, 
at 603 Kp is 0*833, find the beat of dissociation. 

11 Tu. 1 ^ (1-75; 0*0409; -19,420 cal.] 

r . relative to that 

of oxygon - 16. Calculate tho percentage dissociation at these two temperatures. 

*N+40*'-NO*° a equilib. constants of ^thV ruction 

0-0161 and 0 0539 respectively. What is the heat of the 

* f 20 850 cal 1 

1 g.-mol. of PCT, was heatod at constant temp, in a’ previously 
^acuat^ vessel the degree of dissociation was found to be 0-70. What would 
£^the v^H dissociation if 1-13 g.-mol. of chlorine were present initially 

lihri.fm'^* St of NO (in percentage by volume) in thl^equi. 

at by hating 60 of nitrogen and 40 % of oxygen 

at 2676 K. t The value of K, for the equilibrium, N,-fO,^2NO S 3-5 x lO"*. 

"ith 3 g.-mol. of ethyl alcohol 1^26“. 

Af constant of the reaction is 4, calculate the 

p portion of acid which will undergo esterification. [90*3 %] 
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CHAPTER XIII 


1. On what does the maximum efficiency of a heat engine depend ? Why 
is a gas engine theoretically more efficient than a steam engine ? 

2. If 1(X)0 cal. are supplied to a steam boiler at 130° c., and if the temperature 
of the condenser is 25°, what is the maximum work (in calories) obtainable ? 

o T> • [260-5 cal!] 

3. Being given tbat tlie latent heat of fusion of nitrobenzene is 22*46 cal. 

per g. at its m.p. (o*67^), by how much wUl the f.p. be depressed if 1 mole of 
a substance is dissolved in 1000 g. of nitrobenzene ? [6-876^] 

4. The equilibrium constant, ^Paio/^^Hg. for the reaction 

CoO + Hg =Co + HgO, is 67 at 450^ c.» and at the same temperature the 
c<|ui]ibrium constant, ift = pco«/j>co» for the reaction CoO +C0 =Co + CO* is 
480 *6. Calculate the equilibrium constant pcoz • Putlpco • Pbzo for the reaction 
CO + HjO^CO^ + Hj, and the free energy of the reaction at the above 
temperature. [K=131 ; -AO =2861 cal.] 

3. At 605® c. the equilibrium constant for the reaction 

CH4 + 2H20^C0g + 4H2 is 0*037. What is the free energy of the reaction ? 

[ -5101 cal.] 

0. At 23® the e.m.f. of the cell Pb | PbCig - solution of KCl - HgCl | Hg 
is 0*3337 volt. Calculate the free energy change of the reaction 
Pb + 2HgCl = PbClg + 2Hg. [ - AO = 24,720 cal.] 

7. At 25® the e.m.f. of the cell As | AsgOg -solution of HCIO4 1 Pt(Hg) 
is 0*2340 volt. (1) Find the free energy of the cell reaction 
2As + 3H2O s AsgOg + 3H2. (2) Being given tbat in the case of the reaction 
3 

dlig + xOg sSHgO, AG = -1C9,C80 cal., calculate the free energy of formation 


uf AsgO^ from arsenic and oxygen at 25®. (32,400 cal. ; — 137,300 cal.] 

r.. ^ .11 . I N-KCI saturated ,1 N-KCl saturated I . .1 


8. In the ceU P^H.) 


Pt(H2) the 


w. ... vv.. .vvx. 2, I ^itbcalcite I! with aragonite | ‘ 

calcitc electrode is positive. The e.m.f. at 25® is 0*009 volt. Find the free 


energy of transformation of aragonite into calcite at 25®. 

[ - 414 cal.] 

0. Being given that the equilibrium constant, K^, for the reaction 
H2 + l2^2Ul is 44*04 at 480® and 38*06 at 520®, calculate the heat of formation 
of HI at constant volume. C +2170 caL] 

10. Tho heat of dissociation of nitrogen tetroxide at constant pressor© Is 

-13,600 cal. Being given that tho equilibrium constant at 100® is 13*33, 
calculate tho value of tho constant at 50®. [0*782] 

11. Given that in tho reaction C2H4^C2H4 + H2 the velocity coeCBcients 
(at constant pressure) of the dissociation of ethane and of the combination of 
ethylene and hydrogen respectively are such that log^^ -73,170/2*303i?7’ 
+ 15*2 and logjo A:, = - 43, 150/2*303i?r + 8*457, find the value of the equilibrium 
constant and of the boat of dissociation of ethane at COO® e. 

[A: = 6*5x 10"^; 31,300 cal.] 

12. The equilibrium constant of the reaction 2CugO +02^4CHi0 is given by 
log,o - 13261/T + 12-4. Calculate the heat change at constant pressure 
accompanying the formation of 4 mols. of CuO at 1000® k. 

13. Tho ionic product of water at 0® is (0*34 x 10"’)* at 60® (2*35 x 1 0 ) . 
Find the mean value of the heat of ionisation of water between 0® and 50 . 

[-13,600 cal.] 

14. Given that the heat of reaction + (17.) is 57,800 cal. and of 

the reaction CO+iOa = C02 is 67,960 cal., find the equilibrium consUnt of the 
reaction, H,0 + CU = + CO, at 1200® k., being given that the value of A 

at 1000® E. is 3*26. Find also the affinity of the reaction at 1200 K. 

[X = l*39; 7634 oah] 
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CHAPTER XIV 

1. Calculate the degree of electrolytic dissociatioo of monobromacetic acid 
from the following data : — 

V ... Z2 128 00 

. 73-2 130-4 385-9 

What is the affinity constant of the acid t 

[a ^0-19, 0-34 ; X = l '38xl0-*] 

2. The equiv* conductivity of a 0*01 x sol. of NH4OH at 18*^ is 9-6 mhos. 

For NH4CI, =130, and the ionic conductivities of OH' and Cl' are 174 and 
66 mhos respectively. Calculate for NHiOH, the degree of ionisation in 
the above aoL and the affinity constant. [X = 1-7 x 10^] 

3. Being given that the affinity constant of salicylic acid is 1-00x10^, 
calculate the value of the degree of dissociation in a 0*001 K solution. 

4. Being given that the degree of ionisation of acetic acid in N/1024 solution 
at 25® is 0*127, what will be the approximate degree of ionisation of lactic acid 
in a solution of the same concentration 7 (X^4 = l-8 x 10*^ ; irt^ = l*38 x 10^.) 

^ [0*361] 

5. Wtot must be the concentration of a solution of lactic acid so that when 

mixed with a centinormal solution of acetic acid no change in the ionisation of 
either acid occurs 7 (X** * 1 -8 x 10-^, = 1 *38 x 10“*.) [0*0013 normal] 

6. Calculate the concentration of hydrogen ion, in g.-equiv./l., in a solution 

of decinonnal acetic acid to which one-twentieth of a g.-mol. of sodium acetate 
has been added. [0*36 x 10“*] 

7. At what concentration will a sob of glycolic acid (£^ = 16*2x10^) be 
isohydrio with a 0*1 molar sol. of acetic acid (X = 1-8 x 10“*) 7 

[0-01184 molar] 

8. Explain how you would prepare a solution the hydrogen ion concentra- 
tion of which is 4*5 x 10“* g,-equiv. per litre, by means of acetic acid and 
sodium acetate. 

3- Being given that the affinity constant of ammonium hydroxide is 
1*9x10“*, how would you proceed to make up a solution the hydroxide ion 
concentration of which is 6-34 x 10-* normal 7 

10. To a litre of a molar solution of acetic acid 1-8 x 10“*), sodium 
acetate is added. How much (in g.-mol.) of the dry salt must be dissolved 
in order to decrease the cone, of hyiogen ion to 0*1 of its previous value 7 

[0*0421] 

ft ftft^ii’ f ^mperature, 1 litre of a saturated solution of AgBrO. contains 
0-0081 mole of salt. Calculate the solubility in a solution containing 0-0085 

[0-0W9 “Ole per Utre] 

AcrrSw^Sii dissolve 0-12 g. of AgCNO. How much 

AgUNQ be diMoIved at this temperature by 100 ml. of a solution containing 
1 g. ot AgMU^ r The silver salts may be regarded as completely dissociated. 

A solution of KCN at 25^, the concentmtioa of hydroxide 

^ 9-6x10- g.-equiv. per Utr^ Being 

Sit? * product for water is 1*2x10“**, calculate the affinity 

conscant ox ±tCM. [1-33 x 10“*1 

of ^ ^ calculated value of the affioity constant 

JICN, calculate the degree of hydrolysis and hydrolytic constant of KCN. 

Ifi A+ OK. j ^ XU j., . [a; = 9-6xl0-»; ^» = 9-113 x lO—l 

di.oiws.t y ® U*^® dilution of 1 mole in 09-2 litres, the equivalent con- 

hyjoohlonde IS 118-6 mhos. When excess of aniline is 
^ S solution the conductivity is 103-6. The equivalent conducUvity 

hvdrSkr 5 samo dUution is 411. Find the degree of hydrolysis of anUine 
hydrochloride and the constant of hydrolytio diasooiation. ^ 

[*«0 0488j ^* = 2-62x10-*! 
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16. In a decinorraal solution at 25®, KCN is 0*91 per cent, hydrolysed. 

Being given that the affinity constant of HCN is 1 -32 x lO”*, find the value of 
the ionic product of water. [1*1 xlO"^*] 

17. The hydrolysis constant of NaCN in a molar solution at 26® is 0*000049. 

What is the approximate molar concentration of free base and free acid in 
the solution ? [0*007J 

18. The affinity constant of cinnamic acid at 25® is 0-0000345, and its 
solubility in water is 0-00331 mole per litre, the ionisation being 9-84 %. In a 
0*01 molar solution of aniline the solubility is increased to 0*00804 mole per 
litre. The salt formed is ionised at this dilution to 93 % and ^^ = (1*09 x 10”’)^ 
What IS the value of the constant K =[B*l[OH'}/[BOH] for aniline ? 

[6-3 X 10-»®] 

19. The concentration of hydrogen ion in a solution is 2*265 x 10”® g.* 
equiv. per litre. What is the pH of the solution ? What is the concentration 
of hydrogen ion in a solution the pH of which is 6-23 ? 

[pH =7*64 ; 6*89 x 10“® normal] 

20. Why is a sharp end-point not obtained when acetic acid is titrated with 
ammonium hydroxide ? 

21. Given that the affinity constant of acetic acid is 1*8 x 10”®, find the pH 

value of a solution of the acid which has been half neutralised by addition 
of NaOH. [4-74] 

22. Explain how one can determine the concentration of hydrogen ion by 

means of indicators. What considerations must guide one in the selection of 
an indicator in acid-alkali titrations 7 . ^ . l 

23. When a dilute sol. of formic acid and of benzoic acid were titrated with 

NaOH, it was found that when half the acid had been neutralised the pH of 
the sol. was 3*68 and 4*21 respectively. What are the affinity constants of the 
acids? [2-1x10-; 62x10-] 


CHAPTER XV 

1. The ceU Ag 1 AgBr. n/IOOKBf || n/IOOKCI, AgCl | Ag an 

e.ra.f. of 0-1514 volt, and the temp, coefficient of e.m.f. is -0 000241. ibe 
current flows in the cell from left to right. What is the reaction taking place 

in the cell? Calculate (1) the heat of the reaction, (2) the free ener^. 

[6140 cal. ; 3402 cal.J 

2. The cell Ag | Agl, N/lOKl || AgCI, n/IOKCI I Ag has. at 16», an e.^f. 
of 0-3727 volt. The temp, coefficient of e.m.f. is -0 00014. Calculate the hwt 

of the reaction taking place in the cell. ^ 

3. Using the data given in the text, state the e.m.f. at 25 of the 

foUowing ceUs. The ions have in aU ca^ umt actmty. Which la the 

positive pole of the ceU ? ( 1 ) I Zn-. 1!^” L^, • I"'® ' ’ 

(3) I H- II OH' I Pt(H,) ; (4) Pt(a,) 1 Cl' || Br | Pt 1 (Br,). . 

4. Calculate the e.m.f. of the cell, ^ I ^ ® AaNO^ln the 

at 25“, assuming that the activity coefficients of Cd(NO#), and ^gNO, m 

above solutions are 0-38 and 0-72. Which is the positive \ ^ 

6. At 231“ the 6 .m.f. of the ceU Cu 1 CuBr. N/lOOKBr II »/100KI. I “ 

0-2041 volt. The temp, coefficient is -0-000305. Calculate the h^t the 

aJ W-'r the e.m.f. of the ceU Pb | Pbl.. n/100KI 11 0 *. PbSO. | Pb 

is 0-0084 volt and the temp, coefficient is S^lsacaJ.] 

of the coU reaction and the free energy. „ , . , ^ Li amS. 

7. At 25“ and at 35“ the e.m.f. of theceU Li I LH I 0 . 9439 ^olt 

in which the amalgam contains 0-0360 % Li ib 0-9467 ® 

respectively. Find the beat of solution of 1 g.-eqmv. of ^thium 

’'■r ‘yhr»r,.'‘o7fc™i. cu | .us,d , Pb b, ^ ■ vse - 

volt. Calculate the heat of formation of PbCi, at 498 . I » 
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9. The cell Ag ) AgBr, D*05M*KBr || U-OoM-AgNOj [ Ag has, at 2o^, an 
e.m.f. of 0-570 volt. If the activity coefficient of AgN03 and of KBr in the 
above solutioos is 0-90, calculate the solubility of AgBr in pure wuter at 25®. 

[6-71 X 10"" g.-0<juiv. per Utre) 

10. The cell Ag | Agl. O OSu-KI || O OSii AgNO^ | Ag has, at 23^, an e.m.f. 

of 0-7S8 volt. If it be asauniocl that the activity coefficient of .AgNOj and of KI 
m the above solutions is 0*90, calculate the eolubility of silver iodide in pure 
water at 25®. [9-73 x lO"* g.-etiuiv.;U) 

11. Calculate the e.m.f. of the concentration cell. Cu || 0*001 M“CuSO 4 I 0 01.M- 

CUSO4 I Cu at 23®, being given that the transport number of Cu * in the above 
solutions is 0*38. The activity of the Cu'* in the two solutions is 0*00404 and 
0*00069 respectively. (0 0 141 volt] 

12. Calculate the e.m.f. of a concentration cell containing x/lOO and n/1000 

thallous nitrate at 18®, being given that tho transport number of the nitrate 
ion in the above solutions is 0*484. The activity coefficients of tlialJous nitrate 
are 0-92 and 0*98 respectively. [0-05735 volt) 

13. A hydrogen electrode in a solution gave, when combined with a 

saturated calomel electrode, an e.m.f. at 18" of 0-5622 %-olt. Wliat is the pH 
of the solution 7 (5*4] 

14. A hydrogen electrode dipping in a n/ 32 solution of aniline hydro- 

chloride when combined with a normal calomel electrode gave an c.mJ. of 
0-4655 volt at 25®. Calculate the degree of hydrolysis of the salt. The potential 
of the calomel electrode is +0-281 volt. (0*0211 

16. The ceU Tlfainal.) | TlCl in KCl aoln. It TISCN in KSCN soln. 1 Tlfamal.), 
m which the ratio of concentrations (Cr]/(SCN'] « 1 -50 has at 39-9® an 

equilibrium constant of the reaction 
— TISCN + Cl . Given that the temperature coefficient of e.m.f. is 
-0-(X>044, calculate tho beat of reaction. [0-88 • 31 800 cal 1 

<}« I »^/5Na.SO« II Pbl,. N/20NaI I Pb(amal.) haa 

equilibrium constant of the reaction 

* Om + -wa^U4^r 001)4 4- 2NaI. [0-261 

17. Find the free ener^ of tho reaction 2Ag+ Cl, = 2AgCl at 25® and under 

^odowing daU : normal potential of the sUver electrode 
- +0 '798 voi^ noraal potential of chlorine electrode = 1 *359 volt, solubility 

^ [53,630 cal.) 

.® potential of a pUtmum electrode in a 0-1 n-HC 1 containing equal 

ferrous aalte is +0-770 volt. Calculate tbe potential 

+ 0%lM^FeCl“^‘°'‘ FeCl,+009ii FeCl,. and (6 ) 0 09m 

^*^® ^elues of the electrode potentiab given on p. 373 find the 

r+F5o"^FeTz„°<iO Zn+<isO.^Cu^Z„sb„ .„d 

%f tk , . [3-09 x10”; 7-41x10'®] 

normal electrode potentials Pt [ (Fe"7F6") and 

co^nt^\ th^ “'op respectively at 25®, find tho equilibrium 

consent of the ration 2Fe” + C1.^2Pe- +2CI'. [7.^ lO*®! 

ia . ®®^; N-ceJomel electrode || m/ 64 AlCl, I ot 25® 

Tf 5^ . the potentwl of the calomel electrode being +0-2812 volt 

Alci “ accordance wifh the Jqu“Um 

«2nt oWo^:^fin,?S.^'*’i and tut the HCl produced is ionised to tbe 
extent of 90 find the degree of hydrolysU of AlCl, in the above solution. 

[0-0542] 

CHAPTER XVI 

a giphS’melho^ of dissociation of CnCO, by 

CaCOs “ 26-3 mm. at 700® and 
temperatures * heat of dissociation between those 

^ [ - 39,300 cal,] 
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3. From the data on p. 399 find the dissociation pressure of CaCOj at 905^. 
Calculate the weight left undissociated when 14 g. of CaCOa are heated in an 
evacuated 2-lit. flask at 905"^. (The vol. occupied hy the solids to be neglected.) 

4. The dissociation pressure of the system AgCl . NHj^AgCl + NH^ is 
240 mrn. at 42® and 013 mm. at 59®. What is the heat of dissociation ? 

(-11.480 cal.) 

5. On being heated, CdCOj dissociates into CdO and CO*. At 330® the 

pressure of COg is 190 mm. and at 340® 330 mm. Calculate the heat of 
combination of CdO and CO*. [43,630 cal.) 

6. The dissociation pressure of NH^HS at 24'7® is 479 mm. If it be 
assumed that the vapour is dissociated practically completely into NH^ and 
HgS, calculate the total pressure produced when solid NH^HS is vaporised at 
24*7® in a vessel in which ammonia is present at a pressure of 400 mm. Calculate 
also the partial pressures of NH^ and at equilibrium. 

(624 mm. ; pHifa = 512 mm., pHiS = 112 mm.) 

7. The dissociation pressure of NH^.COONHi at 34-89® is 174*9 mm. 
Calculate the equilibrium constant. Assuming that the carbamate is practically 
completely dissociate<l into 2NH3+COJ, calculate the total pressure produced 
when the salt is vaporised at 34*89® in an atmosphere of NH3 of pressure 
143*5 mm. Calculate also the partial pressures of NH^ and CO3 at equilibrium. 

[A:^7-92 X 10^ ; /^®265*2, pNn5 = 188-4, pcoa = 22*5 mm.) 

8. If ammonium carbamate is vaporised at 30® in a closed vessel containing 
ammonia xjnder a pressure of 169 inm«, the total pressure rises to 194 mm., 
whereas if the vessel contains CO2 under a pressure of 169 mm., the total 
pressure rises to 227 mm. Show that these experimental results are in agree* 
raent with the law of mass action and calculate, in each case, the partial pressures 
of NH3 and CO3. 

9. At 16® the dissociation pressures of pure NH4HS and pure NH3(CH3)2HS 

are 276 and 83 mm. respectively. Calculate the pressure which would bo exerted 
by a system in which both hydrosulpliides are present. (284 mm.) 

10. The concentrations of chlorine gas Cj> in millimoles per litre over a 
chlorine solution in CCI4 of concentration C3 at 0® are : — 

C, . 0 1109 0*2660 0-53G5 0*8800 

d . . . 8-908 22*40 44*14 75*09 

What is the molecular state of chlorine in solution ? [Cl^] 

11. Acetic acid was shaken with water and CCl4, and the following concentra* 
tions, in moles per litre, were found in the two solutions 

Cone. inCCU . . 0*292 0*725 1*41 

Cone, in H.O . . 4*87 7*98 10*70 


Assuming that acetic acid has normal molecular weight ^ 

its molecular weight in CCI4 ? . . , ^ ^ 

12. An a(iueou3 solution of citric acid and acetic acid containing msuflicient 
base for complete neutralisation was shaken with CHCla- At equilibrium the 
latter was found to contain 0*007 g. equiv. of acetic acid per Utre, and the 
water layer contained 0-3 g.-eejuiv. NaOH. 0-3049 g.-equiv acetic aacl. and 
0-3015 g.-equiv. citric acid per litre. For acetic acid the distribution ratio 
Ch o/CchcI. = 26*4. Calculate the ratio in which the acids compete for the bas^ 
'l3. After shaking an aqueous solution of NH, with the concentration 

of NH, in the aqueous layer was 5-211 g. per hire, that m the chloroform 
layer being 0-1686 g. per litre. On shaking an 

solution of CuSO«. the corresponding concentrations were 6-688 and 0 llo3 g. 

per litre. Find the ratio CUSO4 : fixed NHj. , , , / in .ho followins 

^ 14. Plionol dUtributes itself between water and chloroform m the foUowmg 


ratios : — 

Cone, in HjO . 0-094 0-163 

Cone, in CHCl, • 0-254 0-761 

What are the relative molecular weights of phenol in 


0- 247 0-436 

1- 85 6-43 

the two solutions ? 
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CHAPTER XVII 


1. The specific volume of a-rhombic ammonium nitrate at 32*3^ is 0*5826 ml. 
per g., and that of the p-rhombic form is 0*6046 ml. per g. The transition 
point is 32*3^ and the heat of transformation 4*99 cal. g. Find the effect 
of increase of pressure by 1 kg. per sq. cm. on the transition point* 

[AT = 0*0315^] 

2. Starting with the compound AgCl, SNH^ in a closed vessel under pressure 
control and containing only NH^ in edition » what changes will take place on 
reducing the pressure at constant temperature ? Illustrate by means of a 
diagram. 

3. The freezing-points of molten mixtures of metal A and B are as follows :~ 

Atoms of B, % * 0 10 20 30 40 50 60 70 80 00 100 

Freezing-point • 65® 60® 50® 36® 50® 55® 50® 35® 20® 30® 35® 

Draw and interpret the freezing-point curve, and explain what happens when 
molten mixtures containing 20 and 70 atoms % of B are cooled down. 

4. Propyl alcohol and water and formic acid and water are miscible in all 
proportions* The vapour- pressure curve of mixtures of propyl alcohol and 
water shows a maximum for a mixture containing 80 % of alcohol by weight. 
The vapour-pressure curve of mixtures of formic acid and water shows a 
minimum for a mixture containing 73 % of formic acid* Describe how solutions 
containing 60 % of propyl alcohol and of formic acid respectively will behave 
on distillation* 

6* The solubility of benzoic acid in toluene at different temperatures is as 
follows 


Temporature * . 30® 40® 60® 60® 70® 80® 

Molar fraction of solute 0 *0891 0*1270 0*1790 0*247 0*333 0*439 

Calculate the heat of solution in cal* per mole of solute. Confirm your result by 
a graphic method* [£r = 6700 cal ] 

6. In the steam distillation of nitrobenzene (if s 123) the distillate is found 
U> contain 20 % of nitrobenzene. The external pressure on the boiling liquid 
is 760 mm. Calculate the partial pressure of water and of nitrobenzene in the 

l>«*26-8; p. = 733-2 mm.l 

When aniline (it s03) is steam distilled, the distillate is found to contain 
26*6 % by weight of aniline. What is the approximate vapour pressure of 
aniline at the temperature of the distillation ? [496 mm.] 

8. The transition point of rhombic to monoclinic sulphur lies at OS-S® and 
IS rairod 0-04* by an increase of pressure of 1 atm. Given that the passage from 
rhombic to monoclinic sulphur is accompanied by an increase of volume of 
0-01395 ml. per g., calculate the heat of transformation per g. [3-122 cal.] 

Toluene and water ato distilled together under a barometric pressure of 
765 mm. The v.p. of the two pure liquids are given below. Calculate (a) the 
b.p. of the mixture, and (6) the composition of the distillate. 

Temp. ... 83* 84* 86* 86* 

V.p. of water . . 400 1 416-3 433-0 460-3 mm. 

V.p. of toluene . . 321-7 332-7 344-7 366-7 mm 


CHAPTER XVIII 

00 reaction, show that the time required for 

r^ti^ reaction to take place is ten times that required for half the 

given that the disintegration constant of radon is 1-26 x 10-*, when 
after “ mmutos, what fraction of the original material wUl be left 
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3. The disintegration constant of radium A is 3-85 x 10"® when the time ia 
measured m seconds. How long wiU it take for half the initial amount of radium 


A to disintegrate ? 

4. Given that the period of half-life of radon is 3-85 days, find 
portion of radon will remain after 14 days. 

5. From a solution of methyl acetate in dilute hydrochloric acid, 

withiira^m at intervals of / min. and titrated with baryta solution, 
following data calculate the velocity coefficient of hydrolysis: 

f (niin.) . . 0 20 75 119 

Ml. baryta . . 19-24 20-73 24*20 2G-60 


[3 min.] 
what pro- 
(00805] 

2 ml. were 
From the 


00 

42-03 


Determine the value of k abo by a graphic method. [0-00331] 

G. When malonic acid is heated it undergoes decomposition in accordance 

with the equation: CH 5 (COOH )8 . COOH +C0,. The velocity of 

decomposition was determined at 13G-4® by measuring the increase of pressure 
produced in a closed vessel. From the following data calculate the velocity 
coefficient 


t (min.) . .10 15 20 35 66 64 co 

Pressure (mm.) 37-0 53*0 67-0 108-0 155-0 171-0 302-0 

After what time would half the malonic acid have undergone change ? 

[0-0128; 641 min.] 

7. A given volume of a solution of hydrogen peroxide when titrated at 
intervals of time t decomposed x ml. of permanganate solution. From the 
following data show that the decomposition of hydrogen peroxide is a tini- 
molecular reaction 


( (min.) ... 0 10 20 

X . . . . 22-8 13-8 8-25 

8. In the inversion of sucrose in presence of an acid the following polari- 
metric readings were ol>taine<l ; — 

( (min.) .0 30 90 150 330 630 oo 

a. . 4G-75^ 41-00® 30-75® 22 00® 2-75® - )0-00® -18-76® 


Determine by calculation and by a graphical method the value of the 
velocity coefficient. What time would be requiretl for half the sucrose to be 
inverted ? (A* = 0-00313) 

9. For the decomposition of nitrous oxide on a gold wire at 990® c., the 
following values of percentage decomposition were obtained 

t (min.) ... 15 30 53 65 80 100 120 

% decomposed . 16-5 32 50 57 65 73 78 

Show that the reaction is one of the first order. 

10. When heated, nitrous o.xide undergoes decomposition, and for different 
initial pressures the times required for half decomposition are as given below. 
What ia the order of the reaction ? 

Pressure (mm.) , 3(X) 290 278 139 114 52-5 

Half life (sec.) . 212 255 300 470 490 860 

[Second] 

11. The decomposition of arsine into solid arsenic and hydrogen may be 
followed by measuring the press, at const, vol. At 310® the press, p were 
obtained at times t. 

I (hours) . . 0 5-5 6-5 8 

p (inin.) . . 733'3 805'8 818*1 835*3 

Find t he order of tlio reaction. 

12. The reaction CH,! + Na,S*0, = NaSa 03 • CH, + Nal was foUowed by 
titrating 10 ml. of the mixture at 25* with 0 0101 N-iodme. The foUowing 
results were obtained : — 


t (min.) . . 0 4-76 10 20 35 

Titration (ml.) . 35*35 30*^ 27*0 23*2 20*3 

Wbat is the value of the velocity coefficient ? 


55 GO 

18-6 17-1 

[1-97] 
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